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ABSTRACT 

The use of feedforward correction to reduce nonlinear distortion 
in a stable IMPATT amplifier is investigated theoretically and experi- 
mentally. The motivation for this investigation is that, when such a 
linearized amplifier is used in a microwave telecommunications system, 
SSB-AM modulation becomes a viable alternative to the FM modulation now 
in use; SSB-AM makes more efficient use of the frequency spectrum than 
FM. 

Intermodulation (IM) distortion in an IMPATT amplifier is analysed 
by two different methods. The first method uses the Volterra series ap- 
proach. An IMPATT amplifier model which incorporates the nonlinearities 
of the diode and its linear embedding circuitry is described. The Volterra 
transfer functions up to and including fifth-order are derived for this 
model. Expressions are derived for IM distortion products, and intercept 
points for a low-level two-tone input. These expressions demonstrate the 
dependence of distortion on amplifier centre-frequency, the equivalent 
load conductance, and the nonlinear diode parameters. In the second method, 
the IMPATT amplifier model comprises admittance operators which represent 
the nonlinear active diode and the linear passive embedding circuitry. 
These admittance operators are defined analytically in terms of the RF- 
voltage amplitude and frequency, and approximated by cubic-spline fitting 
of experimental data. The nonlinear differential equation for the model 
is solved numerically using quasistationary analysis; the steady-state so- 
lution givesthe IM distortion, up to seventh-order, of the IMPATT ampli- 
fier. 

An expression is derived using Volterra series analysis for the 


reduction of IM products in the feedforward-corrected IMPATT amplifier, 
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in terms of the feedforward network parameters. It is shown that: 

1) imbalance in the error-correction loop mainly determines the distor- 
tion suppression in the feedforward system; 2) imbalance in the error- 
detection loop dictates the required power capability of the error 
amplifier. Further, the gain sensitivity of the feedforward amplifier as 
a function of gain- and phase imbalance is obtained. 

A technique for the measurement of the IMPATT-diode large-signal 
electronic admittance is developed. The technique features: 1) measure- 
ment with the diode tn sttu; 2) flexibility through use of an automatic 
network analyser;'3) accuracy enhancement by computer-aided data reduction. 
The electronic admittance of an IMPATT diode (HP 5082-0431) was measured 
within an estimated error of 20% at 25-mAdc bias, in the range 5.7 to 
6.5 GHz, for RF voltage amplitudes up to 20 V. 

The IM distortion of an experimental 17-dB gain, 5.905-GHz IMPATT 
amplifier was measured for an equal-level two-tone input in the 64-MHz 
passband. The experimental third-order IM products were approximately 
20 dB below the carrier for O-dBm output power, and compared favourably 
with the predicted distortion. An experimental feedforward amplifier was 
realized in waveguide using the experimental IMPATT amplifier as the main 
amplifier and a low-noise TWT as the error amplifier. The observed IM 
products were reduced by ~20 dB over a 6-MHz bandwidth, and by 30 dB 
at the centre frequency. The improvement attained agrees with the im=- 


provement expected from theoretical analysis. 
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CHAPTER 1 


INTRODUCTION 


1.1 General Considerations 
Great interest has arisen recently in the use of Single-Sideband 
AM Frequency Division Multiplexing (SSB-AM-FDM) for common carrier micro- 
wave communications [1]. This is due to the superiority of SSB-AM over 
narrowband FM in: 1) signal-to-noise performance at relatively high trans- 
mission capacities; 2) its inherent frequency spectrum conservation over 
the microwave FM links now in use. In AM systems, however, intermodulation 
(IM) distortion seriously degrades system performance. This IM distortion 
results primarily from third-order amplitude distortion and third-order 
AM-to-PM conversion in the transmitter output stage operating near 
saturation [1], [2]. Such distortion is caused in microwave amplifiers 
by nonlinear output-amplitude variation with input signal level and 
nonlinear phase shift variation with input signal level, respectively. 
As much emphasis must be placed on phase nonlinearities as on amplitude 
nonlinearities in any amplifier distortion study because reactive or 
memory effects are very significant at high frequencies. In addition to 
contributing to IM distortion, phase nonlinearities cause IM distortion 
to be frequency-dependent. Unfortunately, unless an amplifying device 
is driven into its nonlinear region of operation, it can neither deliver 
its full power capability nor can it be efficient [3]. A suitable 
technique must be used to linearize the transmitter power amplifier 
and to reduce nonlinear distortion to required SSB-AM system specifications. 
Feedforward linearization is an effective distortion reduction 


technique which predates feedback; both techniques were invented by 
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H.S. Black [4], [5]. The capabilities of feedforward correction exceed 
those of feedback, but at low frequencies the extra complexity and cost 
involved are normally not warranted. At microwave frequencies, where 
feedback path length becomes an appreciable fraction of a wavelength, 
stability and bandwidth problems render feedback impractical. On the 
other hand, feedforward correction is very attractive at high frequencies, 
since it takes cognizance of time delays directly-- there is no need to 
reprocess or recirculate a signal once it has passed through the amplifier, 
thereby assuring stability. The essential principle of feedforward cor- 
rection is that the distorted output signal of the main amplifier is 
compared with a delayed sample of the input signal to derive an error. 
signal. The amount of delay is equal to that of the transit time of the 
amplifier and associated circuitry. The error signal is then amplified 

and injected into the main signal output with the appropriate time delay 
needed to cancel the noncoherent noise and distortion previously intro- 
duced by the main amplifier. 

By using microwave integrated-circuit (MIC) technology as well as 
low-cost solid-state amplifiers, the cost of feedforward correction can be 
reduced to a level at which feedforward amplifiers can compete with con- 
ventional amplifiers in microwave communications systems. Hsieh and Chan 
[6], [7] constructed a 1.25-W feedforward-corrected MIC transistor ampli- 
fier at 2.2 GHz with all IM distortion products 50 dB below the carrier 
level. Two-terminal negative-resistance semiconductor diodes are also 
available for microwave power generation [8]. Specifically, the 
IMPATT diode (acronym for IMPact ionization Avalanche Transit Time) 
is now being employed widely as the active device in low-cost, low- to 


medium-power microwave oscillators and amplifiers. Indications are that 
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this trend will continue in the foreseeable future [9]. 

Bowers [10], amongst others, describes the advantages and limita- 
tions of using IMPATT reflection amplifiers in microwave systems. As ad- 
vantages he lists: higher reliability than conventional travelling-wave 
tube (TWIT) amplifiers; higher power at higher frequencies than transistor 
amplifiers; also reasonable bandwidth (typically 300 MHz) and gain (typi- 
cally 20 dB). As disadvantages he cites a higher noise figure than for 
Gunn diodes and transistors, and a prohibitively low gain-bandwidth pro- 
duct for some broadband applications. 

A narrowband stable IMPATT-diode reflection amplifier will be 
used here for the main amplifier in a 6-GHz feedforward correction system. 
This thesis presents a study of the reduction of IMPATT amplifier dis- 


tortion through feedforward linearization. 


1.2 Thesis Objectives and Approach 

The theoretical objective of this thesis is to develop a suitable 
mathematical model for the "feedforward IMPATT amplifier". The model 
must be able to predict IM distortion of both the IMPATT amplifier itself 
and of the IMPATT amplifier with feedforward correction applied, since 
IM distortion is a convenient gauge SE amplifier nonlinearity. 

The experimental aims of this thesis are 1) to check the devel- 
oped model and predicted response, and 2) to study the effectiveness of 
the feedforward circuit for reduction of amplifier distortion. This 
latter study involves determination of the dominant parameters of the 
feedforward amplifier, the various tradeoffs amongst them for best 
linear amplifier response, and the degree of linearization which can be 


achieved. 
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Microwave two-terminal negative-resistance devices, such as 
IMPATT diodes, normally exhibit both nonlinear conductance and non- 
linear susceptance at their terminals. The nonlinear susceptance of the 
active device together with the susceptance of the passive circuit load 
are responsible for memory effects: the current 7 flowing through the 
active device is not an instantaneous function of the applied voltage 
v. An accurate mathematical model should describe both the amplitude- and 
phase nonlinearities observed in microwave active devices and circuits, 
and the resulting IM performance. 

In the literature, several models for the active device and ex- 
ternal circuitry have been developed. Van der Pol [11] represents the non- 
linear active device simply as a linear negative conductance -a and a 
constant 8 such that ¢ = -av + Bv?. Such a memoryless power series repre- 
sentation of the device terminal voltage-current relationship does not 
suffice at high frequencies where memory effects must be included. Hines 
[3], Kuno [12] and Berceli [13] amongst others, model the active device 
as a nonlinear conductance in shunt with a nonlinear susceptance, both 
described by Van der Pol - type cubic nonlinearities. This approach is 
fine for small- to medium-signal single-frequency (CW) excitation of the 
device but the nonlinearities are not characterized adequately for large- 
signal excitation or multiple-input IM distortion test signals. Heiter 
[14] extends the conventional amplitude power series expansion to include 
order-dependent time delays representing phase nonlinearities. Since the 
parameters of Heiter's model do not relate directly to physical device 
parameters, such as the admittance of the active region of the device 
(i.e., the electronic admittance), the measured values of the parameters 


vary greatly with the measurement procedure. Heiter's model thus precludes 
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its application to arbitrary signal excitation, but is adequate for a 

given IM distortion measurement technique. The describing function repre- 
sentation of nonlinear microwave circuits [15] does not readily allow 
modulated signals to be analysed. In addition, it is laborious to measure 

the characteristic describing function, and application of the method to 

most circuits with memory elements is difficult. The mathematical models which 
are developed in this thesis feature: 1) detailed and accurate representa- 
tion of device characteristics, including memory; 2) simple measurement 

of relevant device and circuit parameters; 3) simple analysis of two-tone 

IM distortion test signals. 

It is assumed that the IMPATT-diode reflection-type amplifier is 
tuned so that it is stable. The word stable is taken to mean three things: 
1) there are no free oscillations in the network; 2) there are no integral 
multiple subharmonic responses; 3) there are no bias-circuit oscillations 
or parametric-type oscillations. 

Two approaches for IM distortion analysis of a mildly-driven 
nonlinear stable IMPATT amplifier are developed. The first approach models 
the IMPATT amplifier by a tuned RLC circuit in parallel with the nonlinear 
IMPATT diode electronic admittance. The nonlinear circuit is then analysed 
using the time-invariant functional series known as the Volterra series [16]. 
The Volterra series consists of a set of time-domain functions which are 
termed nonlinear impulse responses or Volterra kernels. In the frequency- 
domain, the Volterra series is characterized by a set of nonlinear transfer 
functions which are multidimensional Fourier transforms of the Volterra ker- 
nels. The complex nonlinear transfer functions are determined from circuit 


analysis of the nonlinear equivalent circuit of the amplifier. Frequency- 
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dependent IM distortion is predicted from a knowledge of these nonlinear 
transfer functions. The Volterra series model is then extended to represent 
the feedforward amplifier and to predict the reduction in IM distortion 

as a function of its dominant parameters. 

In the second approach, the IMPATT amplifier is modelled as a 
parallel connection of passive circuit admittance and nonlinear active 
diode admittance driven by a current generator. The complex nonlinear 
differential equation describing this model is solved numerically for 
steady-state IM distortion using quasistationary analysis. The model 
is then extended to describe the feedforward amplifier by treating all 
circuitry external to the IMPATT amplifier as linear and by applying 
linear circuit analysis techniques. 

Each of these approaches relies on an accurate knowledge of the 
nonlinear IMPATT-diode admittance. A method of accurate measurement of 
large-signal IMPATT-diode electronic admittance is developed and each 
of the above models are based on the measured results. 

Intermodulation distortion is measured using the two-tone test. 
This method, although not conclusively diagnostic for determining commu- 
nications system real distortion performance, is convenient for both 


analysis and measurement, and is in widespread use [14], [17], [18]. 


1.3 Thesis Organization 

Amplifier nonlinearities and their effects are discussed in 
Chapter 2; a survey of available methods for distortion reduction is pre- 
sented and the principle of feedforward correction is also explained. 
Results and details of the large-signal admittance measurements of IMPATT 
diodes are contained in Chapter 3. The Volterra series approach to model- 


ling the IMPATT- and feedforward amplifier is developed in Chapter 4; 
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theoretical IM distortion performance, based on the Volterra series, 

is presented. Chapter 5 is concerned with the second modelling approach; 
the nonlinear equivalent circuit is developed and the procedure for 
numerical solution of the nonlinear differential equation is given. 
Also, the predicted IM distortion is presented for the second model. 

In Chapter 6, the experimental feedforward IMPATT amplifier and test 
bench are described. Further, the measured IM distortion is compared 
with that predicted by each model. Chapter 7 summarizes the work and 
discusses conclusions drawn from the results of Chapters 4 to 6. Areas 


of future desirable research are also identified. 
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CHAPTER 2 
IMPATT AMPLIFIER DISTORTION AND FEEDFORWARD CORRECTION 


2.1 Synopsis 

This chapter provides the technical and historical background for 
general concepts involved in later chapters. By presenting these prelimin- 
ary results it is hoped that the rationale for the research will become 
clear. 

The effect of nonlinearities in amplifiers is discussed in general 
terms in Section 2.2. The types of distortion, both linear and nonlinear, 
which arise in practical amplifiers are explained. The intermodulation 
(IM) distortion product, and the intercept point are defined in Section 2.3 
as convenient criteria for assessing amplifier nonlinearity. Following a 
brief review of IMPATT diode operation and of IMPATT-diode amplifiers, 
the distortion produced by a stable IMPATT-diode reflection amplifier is 
described in Section 2.4. Section 2.5 contains a literature survey of the 
available methods for the reduction of the effects of nonlinearities in 
amplifiers. In Section 2.6 a new technique, feedforward correction or 
linearization, for the reduction of amplifier distortion is described. The 


last section summarizes the main ideas presented in this chapter. 


2.2 Types of Distortion Produced by Amplifier Nonlinearities 

The output signal of an ideal amplifier is an enlarged exact 
replica of the applied input signal translated in time. Physically, such 
an ideal linear amplifier cannot be realized since nonlinearities and 
dispersion are inherent to some degree in all amplifier components [19]. 


At high frequencies, amplifier nonlinearities, in general, have memory 
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due to the effect of distributed reactances. Various types of distortion, 
both nonlinear and linear, occur in an amplifier due to its nonideal 
characteristics. 

Nonlinear distortion is caused by a nonlinear output amplitude- 
and/or phase variation with input signal level. Nonlinear amplitude 
(envelope) distortion [19] is shown in Fig. 2.1(a). Here, the output 
power and gain of the amplifier are dependent on the signal input drive. 
This nonlinearity causes AM compression since the amplifier will change 
the depth of AM. In addition, when signals of different frequencies and 
power levels are applied, such amplitude nonlinearities result in 
harmonic distortion (generation of second-, third-, or higher harmonics 
of the applied input signals), intermodulation distortion (generation 
of spurious signals within the frequency band of the applied signals), 
and amplitude crossmodulation distortion (transfer of AM from one input 
signal frequency to another) [20]. 

Nonlinear phase distortion [19], in which the relative phase 
shift through the amplifier is a function of the input signal drive, is 
shown in Fig. 2.1(b). This causes AM-to-PM conversion because the ampli- 
fier will introduce a spurious PM on an input AM signal with no definite 
phase relation between the two types of modulation. Phase nonlinearities 
also produce frequency-dependent harmonic and intermodulation distortion, 
and phase crossmodulation distortion (transfer of PM to one carrier from 
AM on another carrier). 

An amplifier introduces linear distortion through the dependence 
of gain and phase shift on frequency. It is called "linear distortion", 
which may appear a misnomer, because the gain and phase deviations do not 


produce new frequencies, but do alter the relative amplitude and phase 
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Figure 2.1 Types of amplifier distortion. (a) Nonlinear amplitude 
(envelope) distortion. (b) Nonlinear phase distortion. 
(c) Linear amplitude distortion. (d) Linear phase distortion. 
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shift of the input signals [19]. Linear amplitude distortion and linear 
phase (or group-delay) distortion are shown in Figs. 2.1(c) and 2.1(d), 
respectively. Such variations of gain or group delay (defined as -d ¢/dw) 
with frequency produce AM-to-PM and PM-to-AM conversion. 

All of these effects can be present in an amplifier, to a greater 
or lesser degree, even with signal levels low enough so that the single- 


tone behaviour of the amplifier is essentially linear [20]. 
2.3 Evaluation of Amplifier Nonlinearities 


2.3.1 Intermodulation (IM) Distortion Product 

Intermodulation (IM) distortion serves as a convenient measure 
for specifying the upper limit of dynamic range or the maximum allowable 
distortion of an amplifier. It also has practical significance in eval- 
ulation of amplifiers for multiple carrier systems in which IM perfor- 
mance is important. A recent panel session [17] came to the conclusion 
that the only truly reliable signal to test for IM distortion in commu- 
nications systems is the real-life signal. However, for the purpose of 
device characterization, multiple-tone tests normally suffice [14]. 
The information gained from a two-tone test is almost as meaningful as 
from a three- or higher-tone test since the data breaks down in an actual 
system under real-signal load. Hence for simplicity, balanced two-tone 
tests will be used for nonlinearity testing [14], [18]. To be more aceeie 
fic, the ratio of IM distortion to the desired output, when two equal 
magnitude signals are applied in the passband of the amplifier is a 
measure of its linearity. 

The two-tone test signal allows the analysis of amplifier non- 


linearities to be treated simply. Consider a test signal consisting of 
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a pair of equal-level tones, at frequencies fy and Eos whose frequency 
difference Af is small compared with their individual frequencies. 

When these two frequencies pass through the nonlinear device, additional 
frequencies are produced. The output will contain components at adjacent 


frequencies 


ieiaw pep eengiy | d= 0,1,2,3, o.- (21) 


where n = ptq is called the order of the distortion product. The various 
IM products will have different effects in different systems. For ex- 
ample, even-order products, such as the second-order product (f5-f)), 
cannot appear in narrowband systems unless the ratio of the highest 
frequency (f,) to the lowest frequency (f,) is at least two to one. 
This case is excluded for Af<<f,,f,. Odd-order products appear in the 
passband regardless of the frequency ratio. Consequently, third-, fifth-, 
and other higher odd-order products present the greatest problem in 
narrowband amplifiers such as IMPATT-diode amplifiers. The third- and 
fifth-order products are especially important because they lie nearest 
the original frequencies and usually dominate the distortion. For f,>f, 
third-order distortion products appear at 2f,-f, (upper) and 2f,-f, 
(lower) while fifth-order distortion products appear at 3f,-2f, (upper) 
and 3£,-2f, (lower). 

Third-order distortion, IM, , may be defined [21] as the ratio 
of the output power at the third-order product (2£,-£,) or (2£,-f,); to 


the output power at one of the fundamental signals f, or f.3 


IM, (4B) = 10 log Amplitude of third-order distortion product in output 2 


Amplitude of fundamental signal in output 
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13 
Similarly, the fifth-order distortion, IM,, may be defined as 


IM. (dB) = 10 log Amplitude of fifth-order distortion product in output 2 
Amplitude of fundamental signal in output 


(2,3) 
The quantities IM, and IM, will be used as gauges for amplifier non- 


linearity. 


2.3.2 Intercept Points 

For comparison of amplifier distortion performance, a common 
figure-of-merit is the n° h_order intercept point, Pa In a well-behaved 
amplifier operating in the small-signal region, the linear output com- 


ponent has unity slope, and each nth 


-order output has slope n, when out- 
put power in dB is plotted against input power (for each tone) in dB. 

The output power at which the tangent to the linear response intercepts 
the nth-order response, both drawn in the small-signal region, is called 
the nth-order intercept Pa [14]. The larger the value of P) the less 
important the nth-order nonlinear response is for the amplifier, relative 


to the linear response. Hence the higher the intercept value, the more 


linear the amplifier. 
2.4 Some Properties of IMPATT Diodes and of Stable IMPATT Amplifiers 


2.4.1 Small-Signal iMPATT=Diede Characteristics 

An IMPATT diode is a two-terminal device which displays negative 
resistance in the microwave frequency band. The microwave properties 
of IMPATT diodes have been discussed extensively in the literature; 
references [22] to [25], amongst others, give rigorous small-signal 
analyses of the device; reference [26] provides a simpler treatment along 


with basic applications. Consideration of the diode proposed by Read f22] 
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illustrates the processes which lead to negative resistance. 

The Read diode, Fig. 2.2(b), consists of a narrow avalanche region 
at one end of a relatively high resistance region of width Wp termed the 
drift space. In normal operation, the diode is reverse-biased at the dc 
breakdown voltage Va> given in Fig. 2.2(a). Application of a small sinu- 


soidal RF voltage VR (t), as in Fig. 2.2(d), causes avalanche multiplica- 


F 
tion to occur in the avalanche region when the total diode voltage 

IV, “f- Vey 6t) | exceeds RAG The resulting excess charge builds up slowly 
at first and peaks sharply when Var (t) is zero as in Fig. 2.2(e). The 


avalanche current, i, ,(t), injected into the drift region thus lags 


inj 
Vpr(t) by ™/2 radians. The direction of the electric field E(x), 
Fig. 2.2(c), is such that the injected charge, holes in this case, drifts 


to the right at saturated velocity, v in a transit time Tt = Wy/V sa 


sat? te 
The injected charge traversing the drift region in a constant electric 
field induces a current 4p ft)» Edo. 222(f). in tie external clEcuic, 
Depending on the frequency w, the combined delay of the avalanche process 
and the transit angle wt across the drift space together cause the external 
RF current to lag the applied RF voltage by greater than 1/2 radians. Above 


the avalanche frequency, w the diode supplies RF energy to the external 


A’ 
circuit and the diode displays a negative resistance; below Was the com- 


bined delay is less than 1/2 radians and the diode has a positive resis- 


tance, 


For normal IMPATT operation above Was Gilden and Hines [23] found 
the diode electronic admittance (admittance of the active part of the 


diode alone), Y,» to be 


¥,(,14.) = G,@,1,.) + jB,(w, 14.) (2.4) 
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Figure 2.2 IMPATT diode operation. (a) Terminal I-V characteristic of 
a PN junction. (b) Read diode structure [22]. (c) Electric 
field profile. (d) Applied RF voltage. (e) Avalanche current 
or current injected into intrinsic region. (f) Induced 
external current. 
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where GC. is a negative conductance, j is v-1l, and B, is a capacitive 
susceptance. In the small~signal model, G, and B_ vary with the bias 

e 
current Ty. (assumed constant) and frequency w, but are not dependent on 


the RF signal amplitude. 


2.4.2 Large-Signal IMPATT-Diode Characteristics 

The small-signal Read model cannot explain the nonlinear effects 
which occur for high RF drive levels. The inherent device nonlinearities 
cause the electronic admittance to be dependent on the RF voltage magni- 


tude Var as well as on frequency and on bias current so that 
Y¥o(w,1y..Vpp) = G(o, Deen +01 BE (0; Lica ay) eee (2.5) 


The large-signal electronic admittance can be predicted by computer 
solution of the Poisson's and continuity equations for holes and elec- 
trons with the appropriate boundary conditions. Typical results of such 
studies on X-band diodes [27]-[30] are summarized in the curves for 
Y,(w, constant 14° RF) in Fig. 2.3. It can be seen that for constant w, 


|-c,| decreases and |B.| increases with increasing V Increasing I,, 


RF’ 
tends to shift the curves Ly to the left, to the region of larger nega- 
tive electronic conductance. In Fig. 2.3, ons is a typical locus of the 
negative of the circuit admittance at the diode electronic admittance 


terminals. It will be used in Section 2.4.4 to explain amplifier be- 


haviour. 


2.4.3 Stable IMPATT-Diode Reflection Amplifier 


IMPATT diodes, because of their broadband negative resistance, 
can be used as the active device in microwave reflection amplifiers. 


The configuration of a circulator-coupled, negative-resistance reflection 
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Figure 2.3 Typical IMPATT-diode large-signal electronic admittance for 


a given dc bias current [30]. 
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Figure 2.4 Typical IMPATT-diode reflection amplifier. 
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amplifier is shown in Fig. 2.4. The circulator is required to separate 
the input signal, incident on the diode, from the amplified signal, re- 
flected from the diode. The passive two-port network ‘ip Fig. 2.4 includes 
the inactive diode admittance, the package parasitics, an inductive 
resonator to tune out the diode- and package capacitive reactance at the 
amplifier centre frequency, and an impedance transformer to match the 
transmission line admittance, Yo? to the active diode admittance. To 
increase the amplifier bandwidth, more resonating sections may be added, 
having the same centre frequency but different reactance slopes with 
frequency. Each tuning resonator requires an impedance transformer to 
match the input impedance of the next resonator. In coaxial systems, the 
tuning resonators are usually series sections of coaxial 50-2 trans- 
mission line; the impedance inverters are usually quarter-wavelength 
transformers of lower characteristic impedance. Hines [3] presents a 
simple analysis of a single-tuned amplifier together with its single- 


frequency nonlinear behaviour. 


2.4.4 Nonlinear Characteristics of Stable IMPATT Amplifiers 
A qualitative explanation of the nonlinear behaviour of IMPATT 
amplifiers is given by Laton and Haddad [31] based on the device-circuit 


diagram, Fig. 2.3, and the equation for amplifier power gain: 


; Y-¥e Z SE es - 
|r| 


Yet, Y,-(-¥,) 


(2.6) 


where Y,, and ¥ have been previously defined, lis the voltage wave re=- 
e 


flection coefficient, and * denotes complex conjugate. 


Figure 2.5 presents the phase shift, gain, saturation and band- 


width properties of a typical amplifier. Laton and Haddad [31] relate 
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Figure 2.5 Typical stable IMPATT-diode reflection amplifier distortion 
[12], [31]. (a) Nonlinear amplitude distortion. (b) Non- 


linear phase distortion. (c) Linear amplitude distortion. 
(d) Linear phase distortion. 
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the variationof gain with frequency and RF drive level to the distance 
between circuit (negative) and device operating points in Fig. 2.3, 
according to the inverse relationship given in Eqn. (2.6). Their dis- 
cussion is lengthy and will not be repeated here. Kuno [12] obtains re- 
sults similar to Fig. 2.5. In summary, as the input signal level increases, 
the amplifier gain decreases, the bandwidth increases, and the centre 
frequency shifts to the lower side of the passband. The downward shift 

of the centre frequency may result in gain expansion with increasing 

input drive level at the lower half of the passband for a high-gain, 
narrowband amplifier. 

Trew et al. [32] extend the analysis to explain a low-frequency 
dominance mechanism in which low-frequency signals are amplified more 
than high-frequency signals depending on their location relative to the 
amplifier passband. The authors also found that increasing the frequency 
separation between the fundamental signals resulted in less interaction 
between them such that there were fewer intermodulation products generated. 

Other nonlinear effects occur at high signal levels. For example: 
stability problems may arise since negative resistance can be induced 
under large-signal conditions at a subharmonic below the avalanche fre- 
quency [33]; pronounced decrease in gain can occur near midband as in 
Fig. 2.5(c) [34]; or spurious "parametric" oscillations may appear when 
the signal excitation exceeds a critical value that is often below the 
power-saturation point [35]. For purposes of analysis, it is assumed in 
this thesis that amplifier tuning conditions and signal levels are such 
that these nonlinear effects do not occur. 

The nonlinear characteristics of IMPATT-diode microwave amplifiers 


give rise to the multiple distortion mechanisms outlined at the beginning 
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of this chapter. Of particular importance for AM communications systems 
is the level of IM distortion in the transmitter power amplifier. Several 
authors have reported [32] typical measured third-order IM products in 
the range 10-20 dB for a stable X-band IMPATT amplifier operating in 

the large-signal region. Such high IM products do not meet the required 
specifications for most SSB-AM systems. For instance, a typical require- 
ment in microwave AM systems is to have a transmitter which can deliver 

1 W of output power with all the IM distortion products down at least 

50 dB from the carrier level [7]. An effective technique must be used to 
reduce nonlinear distortion produced in an IMPATT amplifier to stringent 


system specifications. 


2.5 Survey of Amplifier Linearization Techniques 

The simplest and most obvious technique,termed "back-off" [20], 
[36], to reduce nonlinear distortion to a tolerable level is to operate at 
power levels well below output saturation, as in Fig. 2.6(a). The 
effects of nonlinearities decrease as the input signal level is reduced. 
In fact, in a well-behaved amplifier nth-order distortion products vary 
atn times the rate of the input signals; i.e., nth-order distortion pro- 
ducts are lowered by n 4dB_- for every dB of input power reduction [37]. 
The amount of “back-off'' represents a corresponding reduction in 
amplifier efficiency (dc to RF) since de operating conditions must be 
maintained at the original levels. Hence, this scheme is self-defeating. 

Equalization is another method of reducing nonlinear distortion 
[38]-[40]. The nonlinear characteristics of the amplifier are compensated 
by cascading it with another two-port device having the inverse nonlinear 
transfer function of the amplifier, Fig. 2.6(b). For practical purposes, 


it is very difficult to construct a device having the desired inverse 
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Figure 2.6 Amplifier linearization techniques. (a) Back-off of amplifier 
output power. (b) Equalization of amplifier nonlinearities. 
(c) Bias-current compensation of IMPATT amplifier [41]. 
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nonlinear transfer characteristic, at least over the wide dynamic range 
common to power amplifiers. Furthermore, the device must not change the 
spectral content of the amplifier input signal. This is usually an im- 
possible constraint. 

In 1973 Komizo et al. [41] reported on the improvement in nonlinear 
distortion of an IMPATT amplifier using a diode bias current compensation 
technique. The diode electronic conductance increases and susceptance 
decreases with an increase in bias current, with the inverse occurring 
for an increase in RF signal level. As a result, controlling the bias 
current according to the RF input level improves the linearity of the 
IMPATT amplifier. A block diagram of this technique appears in Fig. 2.6(c). 
The directional coupler samples the input signal and the signal envelope 
is detected by a diode detector. Video amplifiers amplify the detected 
waveform to give ac bias currents which are superimposed on the fixed dc 
bias current. For a 13-GHz, two-stage stable IMPATT amplifier with 21-dBm 
output level and 11-dB gain, Komizo et al. [41] report a 2-dB improvement 
in input signal level to reach 1-dB compression (see Figure 2.6(a)) and a 
10- to 20-dB improvement of the third-order IM product. However, the 
diodes must operate at a higher dc bias level than normal to allow for 
ac bias current swings; typically, the diodes must dissipate 1.1 W of 
power more than if operated at the recommended dc bias point. Also, since 
IMPATT diodes are current-limited devices, transients in the bias current 
(although limited by the 20-MHz passband of the video amplifier) may 
cause diode burnout or a shorter operating life. 

The most conventional technique used for amplifier linearization 
is negative feedback. Negative feedback was analysed in the classic text 


by Bode [42]. In principle, the application of feedback to an amplifier 
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with gain yw (Fig. 2.7(a)) involves subtracting a portion of the output 
signal from the input signal through a shaping feedback network with loss 


8. The overall transfer function of the amplifier is then given by 


V 
out u 


Ley 1418 


(2.7) 


By shaping the feedback network frequency response 8, the sensitivity 
of the closed-loop system to variations in amplifier gain uw is decreased, 
the transient response is controlled, and the steady-state error is re- 


th_order 


duced [43]. IM distortion performance is also improved. In fact, n 
distortion products introduced by a nonlinear amplifier, uw, are reduced 
by the factor Cit bos where Wy B, are uw and 8, respectively, evaluated 
at the frequency of the nth_order product [44], [45]. This reduction can 
be quite significant for amplifiers with large open-loop gain; i.e., 
lu nbal die 

However, there is a price to pay for the advantages feedback 
linearization has to offer. Primarily these costs are a reduction in 
gain, and potential instability. The gain of the amplifier is reduced 
the same amount as the distortion products, by the factor (1+i8). If 
voltage gain is required, this is a severe disadvantage." Secondly, in 
a practical amplifier there is a limit to the amount distortion products 
can be reduced because of gain-limiting [19]. In no case is it possible 


to obtain loop gains (u8) greater than the difference between the total 
gain uw and the insertion gain 1/8. 
: It is to be noted that Eqn. (2.7) is the input-output voltage 


gain. The closed-loop amplifier, in general, has widely different input 
and output impedance levels and consequently substantial power gain. 


24 


ft 
te 


13m ¥ 1akt 


yibviitenes- adi, Y seneqes yonsupesi Asowssn sawttye? « 
,beseoTosh el uo cise athe Tent at so! hia 63! roteye pie: 
-97 &: nora elesa-ybuste sdj bas ,bs! fouaacs at sendQeer a3 tamer | 
sabre Ng tet mi eee Pr et a3cncrrotisg. aoisyowesh ME te 

haowos Sré |]. rato tfqms aeeaiinen @ Ye Lesubotind aiavbexq acl 


bsasuiave ,vicvisneqes? ochre Liacr 8)" stedy ae Pp HORNET 


* ic, 
nad etisubet kde [ee] LAA) sonborip cabo apes to yousuped®: pee a 0 


~-9.1 ;nteg qgcl-npgd agzsef rotw azebitiqnr bik 1ahoL Leyla “sup 3 


pe fae a 
=a 


” 
dhas? peghomovbe el? i¢i ysg Cl endsg heb ayes .Isvowe 

nt notdosubst & oye eveon sBads vitranktt Ystio 0+ ae foltasire 
bupiber al aslitigns of1 jo eteo adv : edb beadeal Bi 1e30q bas nts: 7 7 

31 .feuel) adisnt sp2' Wel, aroubbtg GOL1PoIwED $45 25 Jom snes ast” ' 

gi), ¥tboosad " egummeybaeks wreveu oe mbieint .berkupet al rita. sapate 
a) 

sSpobeid swiolsrotath tne |ni.’os iat sph StHd3 vellifigqas iso 361q & 

aitiesnn 22 8! ohss eh nies (02) an! that i~ateg io weasved bs ster » rs > 

fas) sho poawted ono Tet3Ib sis edd Fale) 3) subsp’ wars J c oy 


as eens ade Se 


i lexan: 
ate Nouns 


HIGH - Q 
TRANSMISSION 
FILTER 


FEEDBACK 
CIRCUIT 


(b) 


IF LF 
POWER 
SIGNAL AMPLIFIER PLIFIER RF 


OUTPUT 


vr 
CONVERTER 


LOCAL 
OSCILLATOR 


DOWN- 
CONVERTER 


(c) 


Figure 2.7 Feedback-linearized amplifiers. (a) Basic feedback amplifier. 


(b) Microwave feedback amplifier [46]. (c) Siemens Gmbh. 
400-MHz feedback amplifier [48]. 
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Broadband feedback amplifiers are usually stability-limited. 


Stability considerations dictate that the group delay of the amplifier 


and feedback path must not introduce a significantly large phase shift 
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at any frequency within the passband of the amplifier. To ensure stability, 


phase- and gain margins must be specified, thereby limiting the available 


in-band feedback. 

At microwave frequencies, difficulties in implementing feedback 
linearization arise since underlying assumptions are invalid. The insta- 
bility problem results from the "time-smearing™" process of comparing 
the delayed amplifier output with the input signal. For the resulting 
error signal to be meaningful, the two events must be as closely spaced 
in time as possible. At low frequencies, adequate simultaneity between 
the input and output is relatively easy to achieve and instability can 
be avoided. However, at higher frequencies the propagation time around 
the feedback loop introduces excess phase shift since the path length 
becomes an appreciable fraction of a wavelength [42]. Thus, at microwave 
frequencies negative feedback generally cannot be used. Under certain 
conditions the signal fed back can have the correct phase relationship 
for negative feedback, but this will work only over a very narrow 
bandwidth. 

Several reports on the use of negative feedback narrowband lin- 
earization of TWIT amplifiers have appeared in the literature [46]-[48]. 
Rosen and Owens [46], reduced third-order IM distortion by 13 dB ina 
narrow 1-MHz bandwidth, 3-GHz TWIT feedback amplifier. A block diagram of 


their system is shown in Fig. 2.7(b). The high-Q transmission 
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filter can be placed in either the main arm or feedback path. This filter 
is required to prevent instability due to the large bandwidth of the TWT 
and the group delay of the feedback loop. In a similar study by Bava 

et al. [47], the TWT amplifier 1-dB gain compression point was extended 
by about 3 dB; third-order IM products were reduced by 3 dB over a 20-MHz 
bandwidth at 6 GHz and 15-dB gain. 

Siemens Gmbh has developed a 120 channel, 400-MHz system [48] 
employing negative feedback in a modified form. In this system, the feed- 
back loop surrounds the entire superheterodyning transmitter, not just the 
power amplifier, as in Fig. 2.7(c). The increase in gain to compensate 
for the gain reduction due to feedback is provided by the IF amplifier. 
This low-frequency amplifier can compensate over a broader band than the 
high-frequency output amplifier. Nevertheless, the system is still re- 
latively narrowband. 

- It appears then that negative feedback is not a realistic means of 
linearizing a broadband microwave amplifier. The next section discusses 
a method which is currently attracting a great deal of attention in this 


regard. 


2.6 Principles of Feedforward Correction 

Feedforward correction, invented by H.S. Black [4] in 1924, can 
provide a high degree of amplifier linearization at microwave frequencies, 
without the instability problems and loss of gain associated with feed- 
back control. References [5], [36], [49]-[51] are introductory papers on 
feedforward technology. 

Figure 2.8(a) is a schematic diagram of Black's patented amplifier 


[5]. The signal-adding boxes are biconjugate devices (e.g., three-winding 
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Figure 2.8 Feedforward-corrected amplifiers. (a) Black's feedforward 
amplifier [4],[5]. (b) Seidel's microwave feedforward 


amplifier [55],[56]. 
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transformers or magic tees) in which transmission occurs from any input 
to adjacent outputs but not to the opposite output. The upper amplifier 
Wy is the main amplifier; i.e., the amplifier to be linearized. The lower 
amplifier u, is the error amplifier. Nominally, the gain uy is equal to 
the gain u,. The quantities 6 and e represent first-order deviations 

pean gain linearity of the main amplifier and of the error amplifier, 
respectively. The amplified signal (containing first-order distortion terms) 
in the main path is sampled, attenuated by 0 = 1/u, to bring it back to 
the level of the input signal, and balanced against the undistorted input 
signal to provide an error signal 6 at the input of the error amplifier. 
The output of the error amplifier is subtracted from the main amplifier 
output to produce a signal Uy (1-Se) at the output terminal. Hence the 
output has only second-order deviations from the gain Wy required, and 
linearity has been improved. 

The advantages of this scheme are twofold. First, the error signal 
at the input of amplifier u, is much smaller than the signal at the main 
amplifier input. This allows the error amplifier to operate in its linear 
region, well below saturation, and to contribute very little distortion 
itself. Secondly, the two amplifier system provides increased reliability 
since, if the main amplifier fails, transmissionis uninterrupted through 
the second amplifier (but distortion is not reduced). 

Black's amplifier, because of delicate balancing requirements 
between amplifier gain, adding circuits, and attenuator loss, operated 
only over a narrow frequency range. Several other investigations of feed- 
eeoat A control followed that by Black. These were notably van Zelst's 
[52] study on tube amplifiers and that of Golembeski et al. [53] on 


transistor amplifiers. Neither of these papers significantly advanced 
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feedforward technology since the authors [52], [53] regarded it as a re- 
dundancy technique rather than as an error-reduction scheme. 

Recently feedforward correction as a method for amplifier linear- 
ization came to the attention of Seidel, Beurrier and Friedman [54] with 
Seidel subsequently publishing three papers on this subject [51], [55], 
[56]. Seidel et al.[54] recognized the important role that time delay 
plays in error-reduction schemes as explained in Section 2.5. A block 
diagram of their basic system is shown in Fig. 2.8(b). The amplifiers 
Wy and u, have group delays o and Tt, associated with them, respectively. 
Consequently, delay lines having corresponding time delays have been in- 
serted in the main and secondary arms parallel to the amplifiers. The 
operation of the feedforward amplifier of Fig. 2.8(b) is the same as 
Black's original amplifier, however the time delay effects, so important 
at high frequencies, have effectively been accounted for. 

The advantages of feedforward correction over feedback control 
are based on the fact that feedforward linearization recognizes time de- 
lay and that error reduction is achieved by time synchronization of the 
main and error paths. The ensuing advantages are [56], [57] listed. 

1) The feedforward amplifier is inherently unconditionally stable, 
since all signal comparison is done in a forward sequence. 

2) The feedforward amplifier has no regenerative (backward) paths 
so that arbitrarily low distortion can be achieved (in theory) by using 
multiple feedforward loops: ' i.e., treating the amplifier of Fig. 2.8(b) 

"the term "feedforward loop" denotes a circuit arrangement of two 


parallel branches through which signals propagate towards a signal- 
combining element. 
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as a main amplifier and providing feedforward correction around it, and 
so on. In practice, however, the input power must be split between the 
main and reference path at each stage of the nested amplifier. As a re- 
sult, the deteriorating signal-to-noise ratio in the reference paths sets 
a practical upper limit on the number of stages. 

3) Amplifier gain is not substantially reduced since the error 
reduction is an additive process. 

4) Gain-bandwidth is conserved within the band of interest since 
device speed is only that required for the bandwidth of the information 
signal. 

5) Feedforward amplifier gain and distortion reduction are inde- 
pendent quantities. 

6) Under normal operation the error amplifier need only handle 
the small error signals; hence,it can be alow-power, low-noise amplifier. 
For a well-adjusted feedforward amplifier, the overall noise figure is 
the noise figure of the error amplifier in dB plus the attenuation in dB 
of the signal between the input to the input coupler and the input to the 
error amplifier [56], [57]. Essentially, the feedforward amplifier has 
the power-handling capability of the main amplifier, and the noise figure 
(usually low) of the error amplifier. Use of a high-power error amplifier 
compromises the noise figure but provides a fail-safe redundancy scheme. 

There are four main disadvantages of feedforward correction which 
have to be considered. 

1) The feedforward amplifier circuit is complex, requiring a second 
amplifier and two delay lines. Thus system cost is increased. 

2) Drift in device characteristics causes changes in loop balance 


and error correction capability to occur. 
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3) For significant distortion reduction, the balance in the error- 
correction loop must be near the precise value. 

4) Some of the main amplifier power is lost in the output coupler 
and recombiner. 

Through feasibility studies in the VHF and 4-GHz common carrier 
bands, Seidel and his associates have proved that these difficulties can 
be overcome. Their work on a 30-MHz, 40-W amplifier and a 75-MHz, 10-W 
amplifier showed that a dynamic range of 104 dB could be obtained by feed- 
forward correction [54]. Seidel obtained a 42-dB improvement in the third- 
order IM product of an L-4 coaxial system 20-MHz amplifier [55]. Finally, 
single-stage feedforward correction applied to a 4-GHz TWT resulted in a 
38-dB reduction in third-order distortion over a 20-MHz channel [56]. In the 
latter Ene balance of the error-correction loop, see Fig. 2.8(b), 
with time was maintained through the use of auxiliary controls. The precision 
of balance of the error-detection loop, with respect to the reference signal 
and the coherent portion of the main amplifier output signal, does not affect 
the portion of the error signal composed of IM distortion and noncoherent 
thermal noise. It is the balance of the error-correction loop which is 
critical in cancelling the distortion from the output. For 40-dB reduction 
in distortion, the gain imbalance of this loop must be & 0,08 dB, or the 
phase imbalance must be S 0.6 degrees, or both may be present to a lesser 
extent. Adaptive control maintained this precision of balance. 

Bennett and Clements [57] discussed the concept of feedforward 
correction and listed the following set of design criteria based upon the 
above observations: 

1) For the overall noise figure to be close to that of the error 


amplifier, the input coupler and comparator must not attenuate the refer- 


ence signal appreciably. 
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2) Feedforward amplifier gain is reduced by the coupling factor 
of the input coupler. Gain-reduction will be significant for optimum low- 
noise performance given by 1). However, output power level, in general, 
is more important than amplifier gain, so overall gain loss due to the 
choice of input coupler is less important than loss of power due to both 
output coupler and recombiner. The output coupler and recombiner coupling 
ratios should be chosen to attenuate only slightly the main amplifier out- 
put signal whilst allowing the error amplifier to operate at small power 
levels. 

3) The performance of the amplifiers and other required components 
need only be specified over the frequency range of interest. 

As a practical example, Bennett and Clements [57] constructed a 
9-GHz feedforward amplifier using two TWTIs. Intermodulation products were 
reduced by more than 20 dB over a 100-MHz bandwidth without the use of 
special adaptive control for loop balance. 

In assembling these working systems, Seidel et al. [54] and other 
independent researchers [57] showed that feedforward correction is a feasible 
technique for reduction of amplifier distortion. Indeed, it was used to 
linearize a 4-GHz satellite TWT [58] and a 1-MHz operational amplifier 
[59]. Meyer et al. [60] constructed a wideband feedforward amplifier 
in the frequency range 30-300 MHz in thin-film hybrid form; third-order 
IM distortion was improved 20 dB at 300 MHz. A great advance in feedfor- 
ward technology was made by Hsieh and Chan [6], [7]. They fabri- 
cated a 2.2-GHz feedforward amplifier system in thin-film hybrid form 
using microwave transistors; an RF gain of 30 dB with 1.25 W of output 
power and distortion products 50 dB down from the carrier level over a 


100-MHz bandwidth were reported. Feedforward correction holds the greatest 
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promise in microwave integrated circuit form, because system complexity 
and added cost are no longer a problem. In addition, the use of similar 
components, assembly techniques and common heat sink allows component 

parameters which drift to track one another. Quite precise loop balance 


can thus be sustained. 


2.7 Summary 

IMPATT-diode amplifiers have great promise for use in future com- 
munications systems, for example in 14-GHz satellite ground stations, be- 
cause of their low cost, medium to high power, and high reliability. | 

Nonlinearities in IMPATT diodes, and all amplifiers in general, 
pose serious problems for the communications system designer in the dis- 
tortion they produce. Such distortion is inevitable, since to utilize the 
full power capability of amplifiers, as required in the output stage of 
a transmitter or repeater, amplifiers must be driven into the nonlinear 
region where efficiency and power output are greatest. Several methods of 
reducing distortion such as feedback, equalization and back-off are 
available; however, these require the designer to trade off amplifier 
characteristics, usually gain, bandwidth or power. A new method of am- 
plifier linearization, feedforward correction, appears to be a viable 
alternative involving less compromise in other amplifier parameters, 
and unconditional stability. 

There has been some research into the effects of system parameters 
on feedforward amplifier performance, and determination of the dominant 
parameters. Working systems have been designed. To date, the feedforward 
amplifier has not been modelled successfully; neither has anyone (to the 
author's knowledge) reported on feedforward correction applied to a highly 


nonlinear stable IMPATT amplifier. In this thesis, these experimental 
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and theoretical investigations are undertaken so that the advantages of 
feedforward correction can be fully realized. 

Amongst the several methods used to measure nonlinear distortion, 
the two-tone test has been widely used. It is adopted here to determine 
third- and fifth-order IM distortion products and their corresponding 
intercept points. These quantities are suitable criteria for evaluating 
the effects of amplifier nonlinearities. 

The next chapter investigates in detail the nonlinear admittance 
of IMPATT diodes. Measured data is required for developing the models of 


the IMPATT- and feedforward IMPATT amplifiers. 
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CHAPTER 3 


COMPUTER-AIDED LARGE-SIGNAL MEASUREMENT OF 
IMPATT-DIODE ELECTRONIC ADMITTANCE 


S.. introduction 

Large-signal characterization of an IMPATT diode is essential to 
the investigation of nonlinear phenomena occurring in IMPATT-diode ampli- 
fiers. Several large-signal theories [27]-[29], [61],[62] have been de- 
veloped, which are generally adequate for qualitative analyses of non- 
linear IMPATT-diode behaviour. However, for studies of the quantitative 
behaviour of specific diodes in actual applications, the IMPATT diode's 
large-signal characteristics must be measured, preferably in the circuit 
in which the diode is to be used. 

A fundamental problem in the characterization of IMPATT diodes 
is de-embedding the active chip electronic admittance, Y,,» from the passive 
packaging and mounting network [63]. The parasitic reactances of the pack- 
age and mount have a great effect on circuit operation. In fact, the 
resonant frequencies of the package normally lie within the frequency 
range over which the device is active; i.e., displays negative resistance. 
The result. is a complex, frequency-dependent transformation of the non- 
linear, but rather well-behaved chip admittance, into a more frequency- 
sensitive terminal admittance Ye De-embedding is desirable, since it 
eliminates the effects of this transformation and allows one to use the 
electronic admittance a8 in theoretical studies. 

Consider an IMPATT diode in a typical "pill with one prong" 
package as shown in Fig. 3.1, end-mounted to a coaxial line, Fig. 3.2. 


The transformer matches the packaged-diode impedance to the 50-0 
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Figure 3.1 Typical packaged negative-resistance diode. 
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Figure 3.2 Packaged diode end-mounted in precision 50-% coaxial line 
with an impedance transformer. 
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characteristic impedance of the measuring equipment. The terminals of 
the active part of the diode chip are inaccessible, so Ya (cannot be vob- 
tained directly. A number of methods to determine the passive network 
separating the active semiconductor chip from the measurement reference 
plane M-M' in the external microwave circuity have been given in the 
literature [63]-[71]. 

Getsinger [63] developed the lumped-element equivalent circuit 
for the packaged and coaxially-mounted diode shown in Fig. 3.3. Since the 
package is electrically small at the diode operating frequency, the 
lumped-element model is valid over a narrow frequency band. The package 
terminals A-A' are at the outer surface of the dielectric cylinder in 


Fig. 3.1. The package capacitance, C includes the geometric capacitance 


Pp? 
between the base and end cap through the dielectric ring, as well as 

most of the stray capacitance between the bonding wire and the mounting 
pedestal. The remaining fringing capacitance, Cz, across the diode wafer 
between the bonding wire and the pedestal is very small (~ a few hundredths 
of a pF) and is usually neglected. The inductor, Le, represents the in- 
ductance of the bonding wire. The resistance of the bonding wire, of the 
diode ohmic contacts and of the inactive semiconductor regions is repre- 
sented by R,- The element values are found by forward- and reverse- bias 
measurements on packaged diodes, and by a 1-MHz bridge measurement on an 
empty package to determine Co: Typical values for the Hewlett Packard 

S-4 package are: Cy “0.3 pF, L,=0.6 nH, and R,=0.5 2. Two-port network 
number 2 is an LC network representing the conversion of the radial mode, 
present near the package, to the TEM coaxial mode existing some distance 


from the diode in the coaxial line. Two-port network number 1 is a lumped- 


element reactive network transforming the terminal admittance yy to the 
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Figure 3.3 Equivalent circuit of packaged diode end-mounted in precision 
50-2 coaxial line according to Getsinger [63]. 
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Figure 3.4 Transformation of IMPATT electronic admittance Y, to measure- 
ment reference plane M-M' according to Gewartowski and Morris 
oxen 
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measurement reference plane M-M'. The values of the reactances in two- 
port networks number 1 and 2 can be deduced from theory [63]. 

Van Iperen and Tjassens [64], [65] extended Getsinger's work to 
develop an equivalent circuit for an IMPATT diode mounted in reduced- 
height waveguide. They used the package model of Getsinger and developed 
a tee-network for the transformation from the waveguide impedance to the 
packaged-diode impedance. The authors [64] measured small- and large-signal 
impedances of IMPATT diodes at 10 GHz very accurately (2%) using an un- 
usual waveguide bridge circuit. Calibration of this system is very tedious, 
however, and must be repeated at each frequency, making the method im- 
practical for measuring the frequency dependence of the IMPATT-diode 
electronic admittance. 

There are many problems associated with the equivalent circuits 
just described. The values for the elements of Getsinger's diode package 
model should be measured for each mounted device because of tolerances 
in chip fabrication, and differences in diode encapsulation and mounting. 
Secondly, theoretically calculated values of the package to radial-line 
or waveguide transformation may not apply. The alternative, measurement 
of these values, involves substitution of a solid metal dummy package for 
the packaged diode. Such a disturbance of the microwave circuit should be 
avoided. 

Dunn and Dalley [66] described a method for measuring small-signal 
IMPATT-diode electronic admittance using a coaxial circuit and network 
analyser. Decker, Dunn and Frank [67] adapted the same method to the large- 
signal case. The combination of computer data reduction with network 


analyser measurements make this method rapid. However, to determine the 
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equivalent circuit of the packaged device, Fig. 3.3, it relies on micro- 
wave measurements of three different capacitances having the package shape, 
which were calibrated at 30 MHz. The substitution of these calibration 
capacitances is difficult to accomplish accurately. 

The properties of the package and its mount can also be deter- 
mined by measuring the transformation from the diode chip to the external 
reference plane directly. Gewartowski and Morris [68] measured the ad- 
mittance of IMPATT diodes, mounted as in Fig. 3.2, by means of a slotted- 
line at 6 GHz. They developed the equivalent circuit of Fig. 3.4. 

The elements of the coupling network were determined without the use of 
substituted impedances by fitting impedance data measured at microwave 
frequencies to capacitance-voltage data measured on a 1-MHz capacitance 
bridge. The authors [68] assumed the diode capacitance below breakdown at 

RF frequencies to be the same as at 1 MHz, and calculated the microwave 
series resistance R, from the capacitance. The accuracy of the method was 
reported at 6%. Isobe and Nakamura [69] followed the same method as Ref. [68] 
for X-band IMPATT diodes. Unfortunately, slotted-line measurements are 

very time-consuming, and special attention must be paid to algebraic sign 
when measuring negative resistance in this manner. 

Steinbrecher and Peterson [70] characterized the coupling two- 
port network in Fig. 3.4 by ABCD transmission parameters. They used the 
same calibration procedure as Gewartowski and Morris [68], but assumed that 
the diode has a series resistance which is independent of voltage. Mea- 
surements of electronic admittance of IMPATT diodes were made using a 
network analyser but were confined to the small-signal region. 

Ito et al. [71] also measured the large-signal electronic admit- 


tance of an IMPATT diode mounted in a waveguide reflection amplifier 
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circuit. The ABCD parameters of the transformation network were determined, 
within 10% error, by a least-squares approximation of microwave impedance 
measured below breakdown to chip impedance below breakdown similar to the 
method in Ref. [68]. 

For the reasons stated, none of the above methods are suitable for 
adoption here. An accurate, rapid technique for the measurement of large- 
Signal IMPATT-diode electronic admittance as a function of frequency is 
developed in this chapter. The method combines and refines several pub- 
lished procedures; viz, the use of a network analyser for rapidity of 
measurements [66], [67]; direct transformation of electronic admittance 
to device terminal admittance [71]; determination of the transformation 
network without physical disturbance of the circuit [68]; and computer 
reduction of measured data [66], [68]. In Section 3.2, the theoretical 
details of the measurement technique are developed. In Section 3.3, the 
experimental test bench and the experimental procedure are described. 

The measured large-signal IMPATT-diode electronic admittance is presented 
in Section 3.4. The measurement error is also estimated. The results are 


summarized in the final section. 
3.2 Theoretical Details of the Electronic-Admittance Measurement Technique 


S520 ine Circuit Modal 

The IMPATT diode is end-mounted in a precision 50-2 14-mm coaxial 
cavity with a single, movable-slug 4-2 4/8 transformer [26] (see Fig. 3.2). 
The basic block-diagram of the admittance measurement set-up is shown in 
Fig. 3.5. A bias tee is attached at the input of the coaxial cavity. The 
entire arrangement is connected via an adapter to a waveguide circulator 


and operated as a stable reflection amplifier. Waveguide directional 
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couplers sample the RF input signal, eg and reflected signal, slater, 
The network analyser compares these two signals and displays the measured 
complex reflection coefficient be from which the measured impedance Zt 
(admittance Lae can be calculated. The incident signal power ie is also 
measured. 

Three reference planes are delineated in Fig. 3.5. Plane 1-l', 
the reference plane for measurement of r,, Without calibration, is 
Situated inside the coaxial circuitry of the network analyser. Its exact 
location cannot be determined. However at microwave frequencies, "impe- 
dance" only has meaning with reference to specific transmission-line 
modes at physically localized terminal planes. Hence it is required to 
establish the plane 2-2", through which power Ta is flowing towards the 


IMPATT diode and P is reflected from the IMPATT diode, as a well- 


ut 
defined reference plane for impedance measurements. This is accomplished 
by measuring convenient, known calibration impedances connected at plane 
2-2'. Terminal plane 2-2' is physically situated and fixed at the wave- 
guide flange of the waveguide-to-coaxial transition. Since it is desired 
to isolate the electronic admittance a from the microwave network in 
which it is embedded, terminal plane 3-3' must also be well-established by 
measuring suitable calibration impedances located there. 

An equivalent circuit for the measurement set-up and diode is 
shown in Fig. 3.6. The planes 1-1", 2-2', and 3-3' demarcate the compo- 
nents for RF signal generation and analysis (assumed ideal), the measure- 
ment system, the coaxial system, and the active region of the IMPATT 
diode, respectively. The measurement system represents nonideal opera- 
tion of the network analyser such as directivity errors, mismatch errors, 


and tracking errors [72], as well as all the waveguide circuitry between 
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planes 1-1' and 2-2" in Fig. 3.5; e.g., the circulator and directional 
couplers. The coaxial system includes the transitions, the bias circuitry, 
the tuning transformer and the coaxial cavity. It also includes the para- 
sitic dissipative and reactive elements of the diode mount and package, 
and the series resistance of the inactive regions of the IMPATT diode; 
viz, the unswept epitaxial region, spreading and contact resistances. 

The analysis of the equivalent circuit is based on the use of 
transfer matrices, or ABCD transmission parameters [73]. Referring to 
Fig. 3.6, the waveguide and coaxial systems can be represented by passive, 
lossy, frequency-dependent two-port coupling networks Ky, [A,B,C,D, ] and 
Ko [A,B,C,D,] respectively. The nonlinear electronic admittance too the 
IMPATT diode depends on frequency, RF signal level, and dc bias (Eqn. 
(2.5)). The admittance ve is the mounted-diode admittance at reference 
terminals 2-2' looking into the diode. The admittance aos is the measured 
driving-point admittance at the network analyser internal measurement 
port 1-1'. At each frequency of interest, the matrices K, and Ky, and the 


electronic admittance Y. are to be determined. 


3.2.2 Calibration of the Measurement System 

The determination of matrix K,, mentioned in the previous section, 
is essentially a calibration process. It accounts for the internal system 
errors of the network analyser, and the transformation properties of the 
circuitry between planes 1-1' and 2-2'. 

Since reference plane 2-2" occurs in a waveguide medium, a suit- 
able calibration standard that can be employed is a waveguide precision 
movable short-circuit. Assuming the movable short-circuit to be virtually 


lossless, its reflection coefficient, I. is given by: 
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Po Sheep i268) (3...) 
where 

B = 27/hy is the phase constant for the waveguide (3 ee) 

re = A INI-Q 7h)? is the guide wavelength (340) 

RS c/f is the free-space wavelength (3.4) 

A, = 6.970 cm (1.732 in) is the cut-off wavelength for 


WR-137 waveguide 


B.998 102° em/a 


c= 
f = the frequency of measurement 
& = the distance the short is offset from plane 2-2'. 


With Ts connected at plane 2-2' in Fig. 3.6, the measured reflec- 
tion coefficient, rw is given by the bilinear transformation [74] 


ATs + By 


v + ' 
Cea 


where the [A}BiC,D)] parameters are algebraic functions of the convent- 


ional [A,B,C,D,] parameters. By normalizing the [ABI CiD!] parameters to 


D], Eqn. (3.5) can be written as 


aT ce bb? 
1 & 1 


ies ~ Posialen) 
cil +1 


where [a'b'c'] are the normalized parameters. For N offsets i sh,, eee 
teal 


& of the movable short, the measured reflection coefficients are 
N 


' + ! 
ails By 
Tm, et 5 i= 1,2, ...,N (3.7) 
elt a 1 
os) 
1 
where 
es = -l-exp(-j282,) Sede elea aig | sakes NG iano) 
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To determine K fapbici] only three measurements of ike correspond- 
Ing to three different positions of the movable short need be taken 
(N = 3). However, cto improve the accuracy of the calibration procedure, 
more than three measurements should be taken and the "best" values for 
K labies] calculated. To find these "best" values, the mean-square error 
between the measured reflection coefficient ly, and the transformed value 
of I, can be minimized by an optimization routine. The objective function 


used was 


2 


N 
Ss 
= = i 
U[K,] = min " > "m, COA aE (3.9) 


This procedure must be repeated at each frequency of interest. 
Knowledge of K;[ajbjc;] at each frequency permits all subsequent 
measurements on unknown impedances to be corrected and transformed to re- 


ference plane 2-2' by the inverse bilinear transformation 


bj - iss 
(ue = ; (3,0) 
7 ce!T -a 
1° ™m 1 
Then, 
Zi La 
eee Peo (oe daly 
Letty 1-1 v 
0 r 


where Z_. is the normalized impedance, referred to plane 2-2'. Since 

plane 2-2' is in a waveguide medium, it is difficult to determine the 

normalization factor Z , the characteristic impedance of the waveguide, 
f°) 


but fortunately it is not required. 
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3.2.3 Determination of the Coaxial System Transmission Parameters 

Terminals 3-3' are not accessible for the substitution of usual 
calibration standards. Furthermore, it is desirable to make all measure- 
ments with the diode wafer tn sttu. The electronic impedance Z of the 
diode below breakdown voltage can be used to determine the matrix 
K,[A,B,C,D,]. 


In reverse bias, below breakdown voltage V_, the impedance of 


B 
the active layer of an IMPATT diode is [71] 


Z(V) = R,(V)~j[we,(v) “7 = Fe) IX) C3243 
where 

V = the reverse bias voltage (V<V,) 

RW) = the series resistance of the unswept region 

w = 2nf 

C4) = the capacitance of the depletion layer. 
Since the active region width (typically 10 microns) is very small com- 
pared to wavelength at RF frequencies, the depletion layer capacitance 
is independent of frequency well into the microwave region. It can be 
measured as a function of voltage on a conventional 1-MHz capacitance 
bridge. The series resistance R,(V) is calculated from the low-frequency 
c4-V data according to Gewartowski and Morris [68]. There are four steps 
in this computation: 

1) The impurity concentration profile Ny of the depletion region 


is calculated as a function of distance from the junction. For the jth_ 


voltage interval AV,, the impurity concentration is 


N SS) a (cm) Ge Pe Ne 
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where 
ANG lope wa agtha? 2h Vy < Ve (V) 
AG, = C,(Vi4,) — CyW,) (pF) 
Save, = Ma Mayy) + OgVpH2 A 
d = junction diameter (mils) 
k = constant = 2.38 x bons for sSii1 icon. 


2) The resistivity of the depletion region is calculated as a func- 
tion of distance from the junction using the set of concentrations N.. The 


conductivity o of a semiconductor is given by [75] 


o = qn u (NL) Coe) 
where 

q = the quantity of electric charge 
and wn) = mobility of the minority carriers as a function of 


doping concentration. 


Then resistivity p of the depletion region is 
p = 1/o = [qN,u(N,)]7+ (Q-cm) (3.15) 
or In[p] = -In[qu(N,) ] = in[ Ny] (336) 


From a graph [75] of in[p] versus In[ NL], Eqn. (3.16) can be expressed in 


the it}- interval by the empirical relation 
In[e ,] = 29.686 —- 0.82609 In{Ny J UsSrenki ) 


in the range 5 x 101° <N, < 5 x 1016 (em73) for n-type Silicon. This range 


is appropriate for 6-GHz IMPATT diodes. 
3) The change in resistance of the unswept region in the qth inter- 


val, AR;, is calculated from the set of resistivities and capacitances: 


any = epg {Cg I) = [egyyI f (3.18) 
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where 

e = dielectric constant = 1.036 pF/cm for Silicon. 

Since CVG < C45), then aR is negative. As the reverse bias is 
increased below breakdown, the depletion layer widens, causing C4 to de- 
crease; the unswept region shrinks to zero causing R, to decrease. 

4) The absolute series resistances RW) is calculated. This step 
is a departure from the procedure in Ref. [68] where the change in impedance 
with voltage is used rather than the absolute value. Above breakdown all 
inactive regions of the IMPATT diode are lumped into the coaxial system 
Kd the active wafer consists solely of the depletion layer. At breakdown . 
voltage, Va> the depletion region is fully depleted; i.e., there is no 
unswept region. Hence, Re is assumed to be zero just below breakdown. 


Integrating for the ee interval we obtain 


N 
R_(V;) -) CaNRE, ieee p= Males aren ey) Nal (3.19) 
Ss n 
n=i 

where 

R (V_) =R (V_) = 0 (520) 

s N 5) 5 

and N = the number of voltage measurements. 


Computer reduction of the C4-V data utilizing Eqns. (3.12)- 
(3.20) yields the electronic impedance Z CV) below breakdown. Microwave 
measurements on the assembled system of Fig. 3.6 at the same reverse bias 
voltages below breakdown are used to find the coupling two-port matrix 
K,[A B.C D ] as follows: 


Zee 2 ie: 


1) Using the bilinear transformation [74], we can express 


A.Z.(V) + B 
z.(V) = AE WY sane (3:21) 
Ge) 20; 
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Since Zz. is measured in waveguide, only the normalized impedance 
aE= Za , Eqn. (3.11), is available. Dividing by Z and normalizing 
fo) fo) 


[A,B,C,D,] to D, in Eqn. (3521) results) in 


Zr) seen mee? (3.22) 
CoZ (V) ar it 
e 
where 
ay = Ay/ZD, —(S) (3.23a) 
bs = B,/Z DS (dimensionless) (3.23b) 
fo) 
and 3 C,/D, (S) (3i23c) 


Two-port number 2 does not contain ferrite devices or active devices. We 


can thus write the reciprocity condition: 


y E Zz 
A,D, a B,C, =l= a D, (a,-b,co) : (3.24) 


2) As before, the "best" Kla,b,c,] is found by minimizing in the 


least-squares sense the objective function 
2 


N [7 ano (Ve) + 5 
UK,] = niall 9 z_(V,) (ee) f (3.25) 
wae c5Z,(V,) +] 


Determination of K, Lab) ¢ 1 and K,la,b,c,] at each frequency completes 


the de-embedding procedure. 


3.2.4 Determination of IMPATT Electronic Admittance 

With reverse bias above the breakdown voltage Vee the diode 
breaks into avalanche and can operate in the normal IMPATT mode. 
EL Van) is calculated from complex reflection coefficient measurements, 
a measured at terminals 1-1"' and transformed to terminals 2-2' via 
K,lajbj¢c,] (Eqns. (3.10) and (3.11)), where Vp, is the RF voltage across 


the active region of the IMPATT diode. The electronic admittance at 
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constant dc current and RF frequency is then given by the inverse mapping 


or Boh, (3522) 4 «namely: 


c,2 Vee 2 
ik Gy ee ‘ 26,002) # 4B, gg) 3.205 
Ze(Vpp) bz - 2. (Veg) 


)-a 


where G. and B, are the conductance (negative) and susceptance, respec- 
tively, of the diode's active region. 
The circuit in Fig. 3.5 can be operated as a reflection amplifier 


when properly tuned. Referring to the equivalent circuit of Fig. 3.6, 


Pee tee ne - 2P loss (3427) 
where 

Pin =. the inptit power at plane 2-2' 

Pout = the output power at plane 2-2' 

Po = the RF power converted from dc by Y 
and ite = the insertion loss of coupling network K,. 
For practical amplifiers, ae > 2P oss and the amplifier gain is 

2 
Ir | ao Bie eh aB ooo. al. (3.28) 


The voltage Oe applied to admittance Y, can be related to ae 
by the transmission parameters of matrix K,. The voltage transmission 


coefficient at reference plane 2-2' in Fig. 3.6 is defined as 


am 221 (2. ae Z,) (3,29) 


where v. is the incident voltage wave at plane 2-2', and v, is the net 


voltage across the terminals 2-2'. The transmission matrix K, gives 


vy = (A, + BBY Jv, (3.30) 
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where Vis is the net voltage across the admittance Le Substituting Eqns. 


(3e22), 43.23) 5 (3.26) and’ (3330) inte (3.29), we obtain 
Vays ve bas, oe, Gb tly | 2 0e/ 2 ? Ge te ge 
2 2 2 @) 
The input power at reference plane 2-2' can be expressed by 
Pin = Re \ Ival?/22, b= Nene 22. (3.32) 


where a is the characteristic impedance of the waveguide seen through 

the circulator. The characteristic impedance, Z ,» of waveguide is the ratio 
of the transverse electric field at any point in the waveguide to the trans- 
verse magnetic field at the same point, for a specific mode (usually the 
Ee mode in rectangular waveguide). The transverse electric field is in 
phase with the transverse magnetic field (assuming negligible losses in 

the waveguide) and hence the characteristic impedance Zo is a real quantity. 
Substituting Eqn. (3.31) into (3.32), and then using (3.24), the result 

esa ayes 


(3033) 
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The admittance - is thus completely characterized as a nonlinear function 


of Ver and frequency. 


4 7 7 : om - Avy rre vy nwt ‘wy : 7 
ee ee Ue 
: 7” To aa ’ nt 4 ae 3 
ep ian Dan euryan ‘sedate tov ‘dan 
Wd ngeseaie : . 
a ow ves cunt k0R.E) bn hides 


7 ee | 
© ost dy <a 
0G _— &: § 


‘ ~ 
iD ye heegeup i nooo “S$ t 
: 
than OP raf ; eck 
(Se .&) SBENMT EY Vib 
) fetanet otek F wits 
| donewss ase Abs) , Sorebsy rer: a tpito ef ad 
TITY = =e 
itvas art abiveavvov-t } ineys waif? rate 
3 
~Sf63— > ny j he 4 sti tL 
'} j ) pe Lutte 
; =F: |=? > iP 
; eac. Pétet(usn pein 
i720 i . =~} ‘ it P 
+ v 4 reeks Le? he 7 i 2 ‘ : 
iu « | i ) The! pa 


(SE 2) 


vol®s rn Wweothinor Bs Re oes 


Ks, 


3.3 Experimental Details of the Electronic-Admittance Measurement Technique 


3.3.1 Experimental Electronic-Admittance Measurement Set-Up 

A schematic diagram of the circuit for large-signal measurement 
of IMPATT-diode electronic admittance appears in Fig. 3.7. The salient 
features of this set-up are listed. 

1) A J-band (4-8 GHz) klystron signal generator (Model HP 618C) 
is used to ensure a noise-free stable reference signal at O-dBm power 
(10 dB below its rated output power). This signal is amplified by a 
30-dB gain, 1-W TWT amplifier (Model HP 493A). The output ports of both 
the generator and the TWT are isolated to prevent interference problems. 

2) The incident signal level. is controlled by a precision atten- 
uator and monitored on a power meter; frequency and stability are obser- 
ved on a frequency counter. 

3) The IMPATT diode (type HP 5082-0431) is end-mounted in a 50-2 
precision 14-mm coaxial cavity as in Fig. 6.1. Bias is provided from a 
constant dc current supply via a bias tee. 

4) The IMPATT-diode circuit is tuned to operate as a reflection 
amplifier so that sufficiently large RF voltages can be applied across the 
diode's active region. Tuning was accomplished with a 4/8 4-2 impedance 
transformer. Without tuning, the diode package parasitics and diode-to- 
coaxial line mismatch reflected most of the incident RF power. 

5) A large copper heatsink is used to mount the diode so that, 
after sufficient time for stabilization, thermal effects can be neglected. 

6) The nonlinearities of the IMPATT diode result in harmonics 
and other spurious signals appearing at large-signal levels. The spectrum 


analyser is used to check that the input- and output signals are sinusoids 
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or, for practical purposes, near-sinusoids. The measured electronic 
admittance is then the approximate CW admittance; i.e., the complex ratio 
of the sinusoidal voltage across the diode's active region to the sinu- 
soidal current through the same region. 

7) The network analyser [72] was modified to operate in the 
large-signal region. The power at the RF INPUT of the S-parameter test 
set [77] must lie in the range -7 dBm to +9 dBm for the network analyser 
to operate properly. Due to an intrinsic 23-dB loss between the RF INPUT 
and PORT 1, the maximum power normally incident on the test device is 
-14 dBm (40uW), and the measured S,, is thus a small-signal measurement. 
The modified circuit in Fig. 3.7 permits large-signal measurements to be 
made. The incident signal is sampled by the 10-dB directional coupler, 
attenuated to lie within operating range, and applied to the RF INPUT 
of the S-parameter test set. The reflected signal is applied to PORT 2 
through a 20-dB attenuator. With switch S,, of the S-parameter test set 
depressed, the RF INPUT signal arrives at the REF CHANNEL output, while 
the PORT 2 signal arrives at the TEST CHANNEL output. The measurement 
is then a reflection-coefficient measurement ra The measured data from 
the network analyser consist of two voltages displayed on digital volt- 
meters: one is proportional (50 mV/dB) to the return gain Ra the other 
is proportional (10 mV/deg) to arg (T,,). The return gain, defined as nega- 
tive return loss in dB, is converted to IT, = log” *(R,/20). 

8) Due to the need for high gain and phase sensitivity, excessive 
drift of the network analyser posed a difficult problem for sufficient 
precision to be attained. Also, I’, was found to vary greatly with the 
signal power incident on a constant test load. Adding a waveguide switch 


to the circuit solved these problems: one path in Fig. 3.7 is the normal 
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path for diode measurements; the alternate path is terminated by a pre- 

cision short-circuit. The short-circuit served as a calibration reference 
for every measurement ea i.e., all measurements were referred to the same 
impedance and could be compared relative to one another regardless of the 
drift of the network analyser or of any other slow changes in the complete 
set-up. Mechanical switching between the two paths was reproducible to the 


required accuracy. 


3.3.2 The Experimental Procedure 

The breakdown voltage of the experimental IMPATT diode (type 
HP 5082-0431) was about 101 Vdc. Therefore, 13 capacitance measurements 
were made on the 1-MHz capacitance bridge (Boonton model 71A) at reverse- 
bias voltages in the range 0 to 100 Vdc. The bridge was initially nulled 
with an open-circuit package connected in place of the packaged diode. 
The measured capacitance is thus the depletion layer capacitance since 
the stray capacitance of the connector and parasitic capacitances of the 
package have been calibrated for. 

The active junction area of a similar diode was measured under a 
microscope to be 10" em” oor 

To extract matrix K, at each frequency, 10 reflection measurements 
were performed with the following impedances connected at plane 2220 so 
fixed short-circuit, and 9 positions (0.10 to 0.50 in) of the movable 
short-circuit. 

After the diode was mounted in the cavity, 25-mAdc bias current 
was applied, and the amplifier was tuned for 5 to 10 dB of gain at the 
desired measurement frequency over a 1-dB bandwidth of about 50 MHz. 


Reflection coefficient measurements were then made on the amplifier 
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assembly with the diode biased below breakdown at the same voltages as 
for the 1-MHz capacitance measurements. Computer reduction of the measured 
data yielded the coupling matrix K,. 

With the diode biased above breakdown, and incident power -20 dBm 
(10 uW), reflection coefficient measurements were used to calculate the 
small-signal electronic admittance Ye at several dc bias currents 
(2 to 25 mA). For constant dc bias current 25 mA and varying incident RF 
power (-20 dBm to +23 dBm) reflection coefficient measurements yielded 
the large-signal admittance. None of the measurements had any discernible 
distortion. Observable distortion products at the input were more than 
40 dB below the fundamental frequency. Spurious signals in the output 
of the reflection amplifier were more than 25 dB down from the fundamen- 
tal, verifying the single-frequency admittance measurement. 

Each of the above measurements were performed at various frequen- 


cies in the range 5.7 to 6.5 GHz. 


3.4 Computational Details of the Electronic-Admittance Measurement Technique 
All calculations were performed in double precision on the IBM 

360/370 computer. Optimization of Eqns. (3.9) and (3.25) was achieved by 

a library routine implementing the Fletcher—Powell algorithm [78]. The 

calculated electronic admittance data were interpolated in frequency and 

RF voltage using a cubic-spline interpolation routine to yield ye at conven- 


ient values of these parameters [79]. 


3.5 Measured IMPATT-Diode Electronic Admittance and Error Analysis 


In Fig. 3.8 the results of the 1-MHz C4-V measurements below break- 


down are plotted. The junction capacitance C4 decreases exponentially from 


3.8 pF at 0-Vde to 0.26 pF at 100-Vde reverse bias, just below breakdown. 
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IMPATT DIODE NO. 3 
TYPE HP 5082-0431 
LOT NO. L-3048-5 


DEPLETION LAYER CAPACITANCE (pF) 
SERIES CHIP RESISTANCE (2) 


REVERSE BIAS (V) 


Figure 3.8 Resistance and differential capacitance of the active region of 
the experimental IMPATT diode below breakdown voltage. 
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The package capacitance (0.29 pF) has been subtracted so the c.-V curve 


shown is for the depletion layer alone. The error in the measurement of Cy 
Tse). pl. Lor Ca greater than 1 pF, and £0.01 pF’for C, less than 1 pF, 

The second curve in Fig. 3.8 shows the dependence of the series 
resistance, Ro» of the diode's active region on reverse bias voltage. As 
the reverse bias increases, the undepleted region of the wafer becomes 
more and more narrow until it becomes negligible just below breakdown. 

A maximum resistance of 2.6 2 occurs at 0 V. Since Re is small compared to 
tne reactance; of C4, R, is very difficult to determine accurately. 

The error in calculation of R, is estimated to be about 10%. This error 
estimate comprises the small error in the measurement of the Gay, data 
(~2%) and error in measurement of junction area (~5%). Also included is 

a small error introduced in the calculation of impurity concentration 
profile due to the assumption of a "one-sided" junction in which the 
depletion layer widens in only one direction [75]. 

Figures 3.9 and 3.10 show the behaviour of the small-signal 
electronic conductance and susceptance, respectively, as a function of 
frequency and de bias current. The electronic conductance is seen to be 
relatively independent of frequency in the measured frequency range, 
indicating operation in the optimum frequency band (6-GHz diodes). On 
the other hand, the electronic susceptance increases almost linearly with 
frequency. The susceptance decreases with de bias, and the negative con- 
ductance increases with dc bias as expected from theory. The small-signal 
conductance lies in the range -0.1 to -1.0 mS and the susceptance lies 
in the range 5.0 to 9.0 mS. The susceptance is from 5 to 100 times larger 
than the electronic conductance. 


The measured large-signal electronic admittance is presented in 
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IMPATT DIODE NO. 3 
TYPE HP 5082-0431 
LOT NO. L-3048-5 


V = 0V 
RF 


ELECTRONIC CONDUCTANCE (mS) 


330 eye) 6.0 Giz 6.4 


FREQUENCY (GHz) 


6.6 


Figure 3.9 Behaviour of the small-signal electronic conductance of the 


experimental IMPATT diode. 
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IMPATI DIODE NO. 3 
TYPE HP 5082-0431 
LOT NO. L-3048-5 


a0 FV 
RF 


ELECTRONIC SUSCEPTANCE (mS) 


5.6 58 6.0 6.2 6.4 6.6 
FREQUENCY (GHz) 


Figure 3.10 Behaviour of the small-signal electronic susceptance of the 
experimental IMPATT diode. 
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Figs. 3.11 to 3.15 to show its behaviour as a function of frequency and 
RF voltage. Since the diode is operating at its designed centre frequency, 
Fig. 3.11 shows the electronic conductance Go to be relatively independent 
of frequency with increasing signal level, and to follow the small-signal 
contour. Also Ic, | decreases with increasing signal level, resulting in 

a decrease in amplifier gain. Figure 3.12 illustrates the continuous 
increase of electronic susceptance By with frequency and RF signal level. 
The decrease of Ic. | and increase of B, with increasing signal level are 
shown to greater advantage in Figs. 3.13 and 3.14 respectively. 

The dependence of large-signal electronic admittance on frequency 
and on drive signal is illustrated clearly in Fig. 3.15. It should be 
noted that the curves at frequencies 5.8, 6.0, 6.3 and 6.4 GHz are inter- 
polated from measured results at other frequencies. The warping of the 
constant voltage contours is a result of experimental error, especially 
in the 6.5-GHz curve where amplifier gain was considerably less than for 
measurements at lower frequencies. The admittance was measured at a con- 
Stant de current of 25 mA, equivalent to a constant current density of 
200 A/em*. The measured results are in the same range as those predicted 
theoretically by Scharfetter and Gummel [27] for an ideal Read diode 
operating at 200 A/cm”. 

It is difficult to determine an accurate error estimate for the 
large-signal admittance. The normal approach to the estimation of measure- 
ment error is to separate the measurement system into its critical sub- 
systems, evaluate either theoretically or experimentally the systematic 
(nonrandom) error in each, and by error propagation analysis determine 
the effect on the final measurement. Inlow- frequency measurement systems, 


those instrument errors which directly affect accuracy are added linearly 
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Figure 3.11 Frequency behaviour of the large-signal electronic conductance 


of the experimental IMPATT diode. 
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IMPATT DIODE NO. 3 
TYPE HP 5082-0431 
LOT NO. L-3048-5 
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Frequency behaviour of the large-signal electronic susceptance 
of the experimental IMPATT diode. 
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Figure 3.13 RF voltage behaviour of the large-signal electronic conduct- 
ance of the experimental IMPATT diode. 


- 
/ 

be 
= 
-, 
a 
'* 
= 
— 
> 
—/ 
aa 
4 
; é 
P- 
i 
' 
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Figure 3.14 RF voltage behaviour of the large-signal electronic suscep- 
tance of the experimental IMPATT diode. 
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or, one error predominates and is taken as the oeateeyeeen error. In the 
microwave measurement system of Fig. 3.7, however, the number of possible 
sources of error is so much greater that simple linear addition of them 
results in an error bound which may be much larger than the expected error. 

The described calibration procedure improves measurement accuracy 
significantly. It removes systematic errors of residual VSWR (mismatch) , 
network analyser dc drift, and gain- and tracking errors of the directional 
couplers internal to the network analyser [72]. From repeated measurements 
and Hewlett Packard specifications for the network analyser (Model HP 8410A) 
the error in measured reflection coefficient Tn 15 estimated to be 20.1 (db 
in magnitude (return loss) and +1 degree in phase. 

The second factor influencing the error in the calculation of 
electronic admittance is the accuracy in determination of the coupling 
matrices K, and K,- The results of three separate calibration runs 
indicate an error of 3% in determination of K, lajbj¢)]. This good accuracy 
is obtained because of the use of redundant data and least-squares opti- 
mization. For the diode biased below breakdown, a typical figure for the 
measured reflection coefficient is i. =~ ~1.6 dB (return loss) [.100°. 


Using the estimated instrument errors in the measurement of I a repre- 


m? 
sentative error in for the diode biased below breakdown is 7%. ae is 
calculated from the inverse transformation of K; on I’, according to 

Eqn. (3.10), and may be expected to be in error by approximately 10%. 
Next, De and the impedance ae of the diode chip extrapolated from 1~-MHz 
data are used to determine network K, via Eqn. (3.21).. The erron in Ze is 
due mainly to 10% error in calculation of R, and can also be estimated at 


10%. Thus the matrix K, [a,b,c] would normally be obtained with 20% error. 


However, the use of redundant data and least-sqaures optimization is esti- 
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mated to reduce the error in Ky to 10-15%. 

The large-signal electronic admittance is measured with the 
diode biased above breakdown. For this case, a typical figure for the mea- 
sured reflection coefficient is (ce) = 5.0 2 0.1 dB (return loss)(42%) and 
are - = 100°21° (41%). This typical 32 error in ue is augmented by the 
error in transformation through networks Ky (3% error) and Ko (15% error) 


to yield an error estimate of about 20% for the large-signal electronic 


admittance. 


3.6 Summary 

For studies on IMPATT-diode amplifiers, the large-signal behaviour 
of the diode needs to be known independent of the circuit in which it is 
embedded. A method is developed here for the accurate measurement of the 
IMPATT-diode large-signal electronic admittance, using a network analyser 
and computer-aided data reduction techniques. The method allows measure- 
ment of the admittance with the IMPATT diode tn situ, thereby greatly 
enhancing measurement accuracy. Secondly, the admittance of the diode's 
active region is separated from the external circuitry and package para- 
sitic elements by a de-embedding procedure. This extraction of the elec- 
tronic admittance isolates the diode nonlinearities and simplifies further 
studies on the effects of such nonlinearities in different circuit config- 
urations. Other advantages of the method are speed and ease of changing 
measurement frequency. The method is quite accurate; the estimated error in 
the measurement of electronic admittance is about 20%. The method is not 
aS accurate as the single-frequency method of van Iperen and Tjassens [64], 
but is thought to be at least as accurate as other published multi-fre- 


quency methods. 


In the next two chapters, two different models for the feedforward 
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IMPATT amplifier are discussed. Both models are based on the measured 


large-signal electronic-admittance data. 
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CHAPTER 4 


DISTORTION ANALYSIS OF A FEEDFORWARD-CORRECTED 
IMPATT AMPLIFIER USING VOLTERRA SERIES REPRESENTATION 
4.1 Introduction with Historical Notes 

In this chapter, both the IMPATT-diode amplifier and the feedfor- 
ward-corrected IMPATT amplifier are analysed for distortion using Volterra 
series representation. Special problems are encountered in modelling non- 
linear circuits at microwave frequencies, because reactive or "memory" 
effects are important and must be accounted for. In the past, nonlinear 
circuits operating at frequencies where reactive effects are definitely not 
negligible, have been analysed for distortion using conventional, low- 
frequency power-series representation of the nonlinearities. Strictly, 
such analyses apply only to nonlinear zero-memory circuits, for which 
the output at time ¢ depends only on the input at the same instant; i.e., 
infinitely broadband nonlinear resistive circuits. Microwave amplifiers 
have many parasitic nonlinear energy-storage (memory) elements which 
produce frequency-dependent distortion. The transfer characteristic of 
such an amplifier with memory can be represented by a Volterra series. 

It can be shown that the power-series approach is actually a special case 
of the Volterra series representation. 

The Volterra series method is based on the theory of functionals 
developed by Volterra [16] in 1930. Wiener [80] was the first to apply 
this technique to find the response of a nonlinear device to noise in 1942. 
Following Wiener's pioneering work, there was continued application of the 
Volterra series to nonlinear system theory. Brilliant [81], George [82], 
Zames [83], Chesler [84], and Parente [85], reported on nonlinear system 
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inputs, and convergence problems respectively. The paper by Bedrosian 
and Rice [86] is an excellent review of nonlinear systems with memory 
driven by harmonic and Gaussian inputs. 

There was little application of the Volterra series to nonlinear 
circuit problems, however, until Narayanan [87] used the technique to cal- 
culate transistor amplifier distortion in 1967. This delay is due to the 
following reasons. 1) The solid theoretical framework for use of the 
Volterra series had to be developed. 2) It cannot conveniently be applied 
to strong nonlinearities because the high-order terms, which cannot be 
neglected in this case, are awkward to handle and slow down the xate of 
convergence of the series. 3) The inverse transformation of the high-order 
transfer functions to the time domain is difficult. Few practical advan- 
tages were seen in using Volterra series analysis, but this approach is 
well-suited for calculating distortion in mildly nonlinear amplifiers. 

In such studies, since the response to two or three sinusoidal input 
signals is of interest, meaningful results are obtainable entirely in 
the frequency domain. The nonlinear transfer functions representing the 
nonlinearity account for frequency-dependent distortion and are easily 
calculated on a computer. 

Nonlinear distortion can be computed with the help of the Volterra 
series for a wide class of practical amplifiers. Narayanan extended his 
own work to predict distortion in cascaded transistor amplifiers [88] 
and in feedback amplifiers [89]. Since 1970, H. Poon has used Volterra 
analysis of the charge control transistor model for third-order distor- 
tion studies [90], and Kuo and Witkowski have developed a computer pro- 
gram for calculating the distortion of transistor amplifiers by using 


Volterra techniques [91]. Crossmodulation and intermodulation in 100-MHz 
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transistor amplifiers were investigated by Meyer et al. [21] using the 
Volterra series approach, Bussgang et al. [92] have employed the Volterra 
series in modelling communications receivers to account for their non- 
linear response to multiple input signals. Volterra analysis has also 
been used to predict intermodulation (IM) distortion generated in a 
Schottky barrier mixer diode [93]. 

Volterra series analysis will be applied here to the problem of 
predicting IM distortion in a feedforward IMPATT-diode amplifier with 
a two-tone input. Section 4.2 is an introduction to the Volterra series 
representation of nonlinear circuits and systems, with pertinent refer- 
ence to the problem under consideration. The nonlinear model for the 
IMPATT amplifier is developed in Sec. 4.3. The Volterra series represent- 
ing this model is used to predict third- and fifth-order IM distortion 
products and intercept points, as well as gain compression; computed re- 
sults are presented and commented upon. In Sec. 4.4 the general microwave 
feedforward amplifier is analysed using Volterra series representation of 
the amplifier nonlinearities. The improvement in IM distortion by feed- 
forward correction is discussed. Power requirements for the error ampli- 
fier with a knowledge of the gain~- and phase variations of the main 
amplifier and its IM distortion are considered in Sec. 4.5. The gain 
sensitivity of a microwave feedforward amplifier is dealt with in 
Sec. 4.6. The analysis in Secs. 4.4 to 4.6 are generally applicable; 
in particular, to the IMPATT amplifier under investigation. The high- 


lights of the chapter are itemized in Sec. 4.6. 


4.2 Some Preliminary Results for Volterra Series Analysis 
A system can be considered to act as an operator, transforming 


one set of time functions, all possible inputs x(t), to another set of 
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time functions, all possible outputs y(t). If for each input function a 
unique output function results, then this transformation is one-to-one 
and the system is said to be deterministic. If we fix the time t at which 
we observe the system output, the system can be considered to be a 


functional. Symbolically, this functional is denoted by 
y(t) = H[x] = H[x(s); -~<s<t] (4.1) 


which states that the output time function at time t depends upon the 
input time function for all past values of time. 
Volterra showed that every functional H[x], continuous in the 


field of continuous functions, can be represented by the expansion [16] 


co 


H[x] = H[x] (4,2) 


n=0 
in which H,[x] is a regularhomogeneous functional, of degree n, of the 
form 


H [x] = sane hott 37 -++5T),)x(T,) ---X(Ty)dT)...dT, 


>? 
a a (25.3)) 
The series (4.2) resulting from a functional expansion is a 
Volterra series. A necessary and sufficient condition that a system H 
can be represented in some neighbourhood about the zero input by a 
convergent Volterra series [85] is that the system H be deterministic, 


time-invariant and have a functional representation H[x] which is 
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Se about x(t)=0. In practice, a convergent Volterra series exists 
if the system is asymptotically stable in the bounded-input bounded- 
output sense. 

Wiener applied the Volterra series to the analysis of nonlinear 


systems [80] by relating the system input x(t) to the output y(t) by means 


of a functional series 


fee) 


yit)-= ) ae (4.4) 


n=l 
where y, (et) = a ty, (a) x (ten) 1 Ci) 
YR it) eA bree eo Cet at dt, (4.6) 


and in general, 


oc co 


n 
y,, ft) = fo eG ee x(t-t, dt; : Co) 
—0O —00 a! 


Equation( 4.4) is the general input-output functional representation of 
nonlinear systems. The index of the terms, n, is called the order of the 
system. This Volterra series representation is useful provided that the 
system is not driven so hard that the number of terms required for an 
adequate approximation to y(t) becomes very large. In practice then, the 
Volterra series (4.4) is applicable to the small-signal nonlinear case, 
for which the first few terms of the series usually suffice. The zero- 


order term —a dc output in the absence of an input —can be neglected in 


Analyticity of H[x] implies that all functional derivatives of 
H[x] exist. 
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the analysis as a fixed-bias offset. The first-order term (n=l), is the 
conventional linear response of the system where h, (+) is the impulse 
response of the linearized system. The higher-order terms are the system 
nonlinear responses. Analagous to the linear case, the ae =brder kernel 
Gt “Hqn. (4.7), h(t psstgaeweny tay is called the nonlinear impulse reponse 
of order n. This analogy is extended by calling the n-dimensional Fourier 


transform the nonlinear transfer function of order n: 


co i.e) n 
Hy Cy oBiy yoo f Stes i pce a) [ xp -soyr dary » (4.8) 
Paex) —0o i 


The time-domain output, y(t), of a mildly nonlinear system, can be found 
in terms of the low-order transfer functions (N small) and the spectrum, 


X(jw), of the input signal: 


N © ® Z 
it 
y(t)= ) f[o~ i Oth en | (om) X (jw; )exp(jozt)dw;z 
n=1 


i=1 
(4.9) 


The model of an ath 


-order nonlinear system which results from Volterra 
series analysis is illustrated in Fig. 4.1. The output is written as the 
sum of paralleled low-order responses from 1 to n. 

A convenient method of computing the nonlinear transfer functions 
when the system differential equations are known is the "probing" or 
"harmonic input" method [86], [92]. For a system represented by a Volterra 


series as in Eqn. (4.4), a harmonic input must result in a harmonic out- 


put. Thus, when the input x(t) is the sum of incommensurable frequencies 


n 


K(t) = } exp (jw, t) (4.10) 
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Figure 4.1 Volterra-Wiener model of an nt 


Weeraer nonlinear system [80]. 
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th 


the n~ -order nonlinear transfer function, H,» is given by 


H(90, 5, 5+++5ju,) = {complex coefficient of the 
exp[j(w tu, +...tw,)t] term in the 


expansion of y(t) 4 (4¢11) 


This procedure is a bootstrap operation in that H, (jw); H, (jw, »jo,); 


th_order 


+++ Hy (jw, sju,s---s,ju,) are determined in succession with the n 
response based on the (n-1) lower-order responses. The process can be 
stopped when the desired order response is obtained. 

In summary, the Volterra series can be used to analyse a deter- 
ministic, time-invariant, asymptotically stable nonlinear system with 
memory. This method is most applicable to mild nonlinearities where low- 
order Volterra kernels can adequately model component and circuit be- 
haviour. It is especially convenient for calculating the response of a 
nonlinear circuit to an input consisting of a sum of sine waves; e.g., 
distortion analysis of a nonlinear amplifier via multiple-tone testing. 
This analysis requires accurate models of the nonlinear devices in the 
eircult. 

4.3 Distortion Analysis of a Stable IMPATT Amplifier Using 
Volterra Series Representation 
4.3.1 A Nonlinear Model of a Stable IMPATT Amplifier 

Because the magnitudes of the nonlinear terms in the Volterra 
series are very small for small device nonlinearities, it is difficult 
to measure them accurately. A better approach is to calculate the Volterra 


series using a model which accounts for the nonlinear device-circuit in- 


teraction. The fundamental device nonlinearities, i.e. the electronic con- 
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ductance and susceptance, can be measured without too much difficulty 
as described in Chapter 3, and can be expressed in a form suitable for 
Volterra series analysis by curve-fitting techniques 

A model for a circulator-coupled IMPATT-diode reflection ampli- 
fier is shown in Fig. 2.4. The passive two-port network is generally 
complex for practical amplifiers. Single-stage IMPATT amplifiers, however, 
are usually narrowband (typically less than 100 MHz). Consequently, over 
a sufficiently small bandwidth, say the 3-dB passband, the lumped-element 
model of Fig. 4.2 can be used [3], [12]. It consists of an ideal imped- 
ance transformer with turns ratio nj im,, a parallel Lc. tuning network, 
and the IMPATT-diode electronic admittance Yo: From experimental results, 
the variation of Yo with frequency is very small over the frequency 
range that the model is valid, and can be neglected. The frequency depen- 
dence of the calculated distortion will then be solely due to reactive 


effects” in the circuit. For constant bias current, Tao, the electronic 


admittance from Eqn. (2.5) is given by 


Oy a) = GW.) of jw, (V.,) 4a 2) 
where 
G. = the electronic conductance (G.,<0) at midband 
C, = the equivalent electronic capacitance at midband 
and V = the amplitude of the RF voltage at the fundamental frequency 
e 


w across the diode's active region. 
In IMPATT amplifiers with less than octave bandwidth, the circuit 
Q is high enough so that the effect of odd-order terms, in the power series 


expansion of CW.) or Ga) on the magnitude I, of the RF current at 
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the fundamental frequency w is secondary in nature, and the magnitude of 
the second- and higher-harmonic current is negligible compared to I, bal 


[67]. The nonlinear characteristics of the IMPATT diode may be expressed 


By Spi], TELS] 


fs 2 2n 
eae) =iah cs “) Bas (4,13) 
n=2 
_ 2 2n 
CV.) = AV, + eee GARE) 
n=2 


where By (g <9) and c are small-signal values of the diode negative 


conductance and capacitance, respectively; Y,\,8, and Cc, are constants. 


In the region of normal IMPATT amplifier operation, where VA is much 

less than the bias voltage Vp> the terms for n=2 and higher, in Eqns. 
(4.13) and (4.14) may be neglected [12]. The constants Bi VoCy and i 

can be evaluated by a quadratic polynomial interpolation of the measured 
large-signal electronic admittance data at the amplifier centre frequency 
(Fig? 3715)% 


The equivalent circuit admittance Yeu) seen by the diode is 


¥(w) = 6, + jlwe.- (wb) (4.15) 


where 


et 2 
G. = (ayy, a (4,16) 


and Y7, the characteristic admittance of the waveguide, is assumed to be 
purely real. Since the amplifier is tuned under small-signal conditions, 


the external inductance L, resonates the effective capacitance (Cc, + Cc.) 
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at the centre frequency Wo: 


The equivalent voltage and current components of the incident 


and reflected waves are denoted by Vas i;, Men 
i and r refer to incident and reflected waves respectively. The incident 
and reflected waves are separated into the input and output signals by 


the circulator. The net current 1, into the diode and parallel Lc, net- 


work, and the voltage Vv, across the diode terminals are given by 
ah a dC) = 1 (tle oGl iv ttav Ce) (4.17) 
wCe) = v, (t) + vee) ? (4.18) 


Substituting the expression for Ge) from Hon. (4.18) into (4.072 we 


have 
i,(t) = G Lav, (t)-v,(t)] , (4.19) 


Since the generator is assumed to be matched to the circulator, the 


measured input power is 
fe (4.20) 


where Nis (t) is the incident voltage wave at reference plane 2-2'. The 
n 
incident voltage wave, v,(t), referred to the secondary of the lossless 


impedance transformer is related to Vin bt) by 


V5 ,60) = (n, /n,) v4 (t) 5 Couz.) 
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Substitution of Eqn. (4.21) into (4.20) and using (4.16) gives 


9p L/2 


2 
in {/%2\ 
i= = V2? in/6. : (aaz2) 


%% 1 


Vy tyke? -| 


iy the equivalent cireuit of Fig. 4.2, 14 and v, are related by 
the following integro-differential equation: 


iE 


dy Ao) 1 d 
ae ee Ge e+ ff preter [Gv kt) ] Gov Cey . (4.23) 
c 


—coO 


Substituting Eqns. (4.13), (4.14) and (4.19) into (4.23), and then 


differentiating we obtain 


2 
ate) d“v_(t) dv, (t) 
i : 2 e 2 . 
2G. Te [C +c,+3Ave (t)] Se oes “- iat Spuene tod ae 
dv, (t) 2 v4) 
+ 6hv,(t) 2 (4.24) 
i 


© 


The IMPATT amplifier is described by the nonlinear differential equation 
(4.24) in conjunction with Eqn. (4.18). 

It is assumed that the nonlinear model can be represented by a 
Volterra series. A sufficient condition for the existence of a Volterra 
series for a nonlinear system is that the operation of the system be 
restricted to a region of asymptotic stability [21]. This includes the 


IMPATT amplifier under discussion. It is also assumed that the diode 
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nonlinearities are small enough that the first five terms of the Volterra 


series are sufficient to characterize them. Truncating the infinite series 


in Eqns. (4.4) to (4.7), the nonlinear output response st GP is related to 
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a causal input signal v,(t) by 


salen n 
ayy ee) Tape Ce) aie vo [rector v4 (t-t,)dt; 
cS i=1 
cee 0 . 


(42:5) 
where h(t stooe++sTy) is the nth-order Volterra kernel for the nonlinear 
equivalent circuit. The nt®-order Fourier transform of hy (tT) sT59+++5Tp) 
is the n@)-order Volterra transfer function H, (J, »54,5+++5jw,)- Similarly, 
the circuit response v(t) is related to v, (t) by 
5) - t n 
MaCt) = K[v,(t)] = ) J-x if ky (1) 9To9+++sTy) v, (t-1,)dtj (4.26) 
n=l 96 0 i=1 
where K 6401 s5¥25+++554)) is the n®}_order Fourier transform of the 
ntb_order kernel kit) sToo+seoTy)s 


4.3.2 Determination of the IMPATT-Amplifier Volterra Transfer Functions 
The Volterra transfer functions for the IMPATT amplifier will be 
evaluated analytically by the harmonic input method [86], [92]. 


First let the amplifier input be 
v, (t) = exp(jw,t) C4 


where W, is in the passband of the amplifier. Assume ‘a harmonic response 


e°) 


est) = an exp (jnw,t) , (4.28) 


n=l 


Since Eqns. (4.18) and (4.24) must be satisfied for all t and for any o, 
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each harmonic component must also individually satisfy the equations. 
Equating the coefficients of the desired term exp(jw t) on both sides of 
1 


Eqn. (4.24) after substitution of Eqns. (4.27) and (4.28) we get 


F j2w 1G. 
iD - (Cte )u, oe ju, (6,48) 


Equating the coefficients of exp (jut) in Eqn. (4.18) using (4.25)-(4.29) 


yields 
a Kae ed : (4.30) 


Thus, for the given circuit, the first-order transfer function H, Gu) 
is simply the special solution of Eqns. (4.18) and (4.24) when 
y=\=0; i.e., H, (jw,) is the linear response. Note that the resonant 


frequency Wo is given by 


=1/2 
Oem Lbla + <5) ; (4.31) 


and the small-signal gain A is 
(ae We 
jh = eh Gin ) = bs Soa (aeo2) 


as expected from linear circuit analysis. Since g.<0 and Go>|gol, the 
gain A is greater than unity. 
Proceeding similarly to determine the second-order Volterra 


transfer function H, (jw, >jw,)» let the input be 


v(t) = exp(jw,t) + exp (jw,t) (4.33) 
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where W, and w, are incommensurable frequencies lying in the amplifier 


passband. Assume a harmonic response 


we UT) = ) > aon exp[j (mw, t+nw,t) ] : (434) 
m=0 


n=0 


Substituting Eqns. (4.33) and (4.34) into Eqn. (4.24) and employing the 
principle of harmonic balance together with (4.18) gives the desired 


coefficients: 


dey = K, (030) = #,00,0) = 0 (4.35) 
Bipe Seay 38) = K, (jm, )°= H, (jo,) +1 (4.36) 
Bo, = K,(0,ju0,) = K, (jw.) = H, Gw,) + 1 (4.37) 
and Sin = K, (jw, »jw,) = H, (jw, »jw,) = 0 : (4.38) 


The second-order Volterra transfer function H, (j4, »j,) at the frequency 
Be is identically zero as a consequence of the assumptions leading to 
Bans. (4.135) and (4,14). 

In the same way, the third-order Volterra transfer function 


H,(jwy jw. »jw3) at the frequency w tw +0, is determined to be 


] 


41, = K, Civ, »9w,,Jj4,) = Hj G4, jw, .jw,) (4.39) 


3 
s(o,40 405) 060,40,40,)-391 | | Ky Gv) 


or H, (jw, »jw,.jw,) = 


=] a 
La = (C +c.) (w, tw, tw ,) +) (w, tw, 4w,) (G48) 


(4.40) 
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This procedure can be continued indefinitely to find higher- 
order nonlinear transfer functions in terms of lower-order nonlinear 
transfer functions as in Eqn. (4.37). Because H, (j),j¥.) is identically 
zero, all even higher-order transfer functions will also be zero. All 
odd-order transfer functions will be nonzero. It is assumed, however, 
that the device nonlinearities are sufficiently small that the first 
five terms of the Volterra series suffice to characterize them. The fifth- 
order Volterra transfer function at the frequency (w tw tw tw, +.) 


is given by 
Hs (Go, »ju, .jv,,jw,,jo,) = 
LJ ‘ 
6 J2 0 Dork, Gu Ya, Ky Ging) Hy (4055404 105) 
AV ; ’ b ; 
ee Oe [wk Go), K, Gw,) (w,tw, +5) H, (303445505) | 


: 2 Bene: NEY are 
one K (jw,) Ky (ju, )¢ WatW,, +05) H3 (jw3,5,,j¥>5) 


+ 


: Z ' * ul e ° 
+ ) . | wk, o,) > A Ry (j4,) 340544, ,4%,)| 
s a * U e . . e 
- j Y> : Busters > fl K, (j4,) H, (405,54, 55%.) 
’ . . * * ) e 
- jy : - K, (jw) K, (jw,) (w,tw, tw.) H, (jw, ,j0, jo, 


al 2; 
e , vs + ‘ay oe : 4G) 
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where the summation 2h extends over the N nonidentical products that 
can be obtained by permuting the subscripts of the arguments Wa 
Hy (44) 554) 5+-+554,) is symmetric, and "identical" is used in the sense 
that H, (44, »44,) is identical with H, Gw,>jv,) and H, (jw, )-H, Gu,) is 
identical with H, (jw,)*H, Gu,)-. From Eqn. (4.41), it can be seen how 


rapidly the high-order transfer functions become very complex: H. has 


90 terms in the numerator. 


4.3.3 Intermodulation Distortion in an IMPATT Amplifier 

As discussed in Sec. 2.3, a two-tone test is used here to analyse 
intermodulation (IM) distortion. Let the input to the IMPATT amplifier 
consist of two unmodulated signals of equal amplitude at incommensurable 


frequencies Wy and w TiO 


2? 
v,(t) = V(cos @, t+ cos w, t) ; (4.42) 


The amplitude V is related to the input powerby Eqn. (4.22) where P, 
in 
in this case is the input power per tone. 
Nonlinearities in the amplifier will give rise to IM distortion 


products at frequencies W, tu,, 2u, tu 20) ,+W 3w,42W, etc.. Since the 


1 hs pea 


bandwidth of the amplifier under consideration is much less than an 

octave, in-band IM products occur at 20) Wo» 2W),-W, 9 3W,—-2W, 5 3Wy~2W) , etc. 
Third-order intermodulation IM, is defined in Eqn. (2.2). Since 

the Volterra series representing the nonlinear model includes terms up 

to the fifth-order, both the third- and fifth-degree Volterra kernels 

will contribute to the third-order distortion products. For small distor- 


tion only these terms need be included, as the higher-order kernels be- 
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come very small. It is shown in Appendix A that, for small distortion 


and for input frequencies OW, the third-order IM product in the res- 


ponse v,(t) at frequency 2u “Ws is 


= ee, . : : : ‘ . 
“ew -u (t) Poet |H, Go, .jw, -Jw,)|cos[(2w,-w,)t + arg H, (Jw, jw, ,-jw5) ] 
2 


oie —_e Se cop 
ie V |H C4, »jw, jw, jw, »-ju,)|cos[ (2u,-w,)t 


+ arg H. (ju, 9 J, 9~ JW 5 J] »-jw,)] 


i225 : ; ; : , 
eo V |H. (jw, 540 s- jw. 5 jw ,-jwz) |cos[ (2w,-w,)t 


+ arg He (jw, »jw, jw, J, »-j»,)] ; (4.43) 


Due to the symmetry of H, and Hy in their arguments, the third-order IM 


product in the response v(t) at frequency 20,.-W is the same expression as 


1 


Eqn. (4.43) with w and W, interchanged. The fundamental signal in VE) 


at frequency w, is given by 


Vy, (t) = V[H, Ge, )leoslo,e + arg Hy (j0,)] | (4.44) 


] 


Substituting the amplitude of on - (t) from Eqn. (4.43) (noting the 
2 


phase differences between the Volterra kernels) and the amplitude of 

Vrs (t) from (4.44) into (2.2) yields the third-order IM distortion in the 
1 

output of the amplifier at 20 -w 


5° 
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+ ; V Hs (jw, 50, .-jw, jw, .-jw,) ‘ (4.45) 


Similarly the fifth-order intermodulation distortion IM, is de- 
fined in Eqn. (2.3). Because the Volterra series is truncated at the 
fifth-degree term, only the fifth-order Volterra kernel will contribute to 


the fifth-order IM products at 30-20, and 3u,-20, . It is shown in 


Appendix A that, for small distortion and input frequencies Wy ~W, > the 
fifth-order IM product in the output at frequency 3w- 20, is 
Vv (t) ee 5 y |H (Gu +4 : _3 au ) | e 
301-205 B ye eke pee 1 8, 
cos [ (30; -20, )it + arg H, (jw, . jv, »jv, jw, .-jo,)] F (4.46) 


Again, since are is symmetrical in its arguments, the fifth-order product 


at 3W,-2W, is the same expression as Eqn. (4.46), with w, and w interchanged. 


2 


The amplitude of v (t) and of ae (t)y from Eqns’. (4.46) and (4.44), 
1 


is employed in (2.3) to obtain the fifth-order IM distortion in the ampli- 


210) Seen 
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fier output at 3H, -2w, 
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The Volterra transfer functions H, ,H, and ue are expressed in terms 
of the parameters of the amplifier nonlinear model. Once the values of 


these parameters have been determined experimentally, the IM distortion 


IM, and IM, can be computed. 


For small distortion, a closed-form expression for oe can be de- 


rived directly in terms of the device nonlinearities. In this case, the 
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contribution of the fifth-order term H. to IM, can be neglected and IM, 
becomes, from (4.45), 


2 
3V |H, (ju, »j¥, »~jw,) | 


TM (4B) = 20 log (4.48) 


4]H, (j0,) | 


Then, considering operation near the resonant frequency Wat midband so 


that w,~w,*w,, and substituting the small-signal gain A from Eqn. (4.32) 


into (4.40), we get 


SC, ena ARINE (4.49) 

VEN Sat) a ae 

I CGe et ey) 
1/2 
6 | ow,)? + 7] Cee : (4.50) 
or | H, (jw, »jw, Jw.) | = i ee ee ae ee a aS Se 
G_ +g 
el 0 


Substituting Eqns. (4.32) and (4.50) into (4.48) results in 


L/2 
2 Se 
Jaw)? ey | cea 


5 
(G, - B,)(G, +8) 


IM3(dB) = 20 log } 36 (Cpl) 


Lastly, relating the amplitude V to the input power Pin per tone from 


Eqn. (4.22), we obtain the simplified expression 


1/2 
72 | Ow jee y | G* Pp. 

Tucan) = 200 1 : oa . (4.52) 
5 = og > ——_—_—_— 
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Equation (4.52) relates the third-order distortion IM; to the small de- 
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vice nonlinearities } and y directly, as a function of the input power 


per tone near midband. 


4.3.4 Third- and Fifth-Order Intercept Points of an IMPATT Amplifier 

The third- and fifth-order intercept points P, and Pa defined in 
Sec. 2.3.2 can be determined once (Has IM, and IM, have been calculated 
and plotted on a logarithmic scale. In the case of small distortion a 
closed-form expression for the third-order intercept point - can be 
derived as follows. 

Using the definitions of P. and IM, the intercept point occurs 
at the output power where IM, is 0 dB or where, from Eqn. (4.52), the 
input power per tone is 

(G -g )(6.48,)> 
5 =(0) i 0) 


NO ee a ee ié (4.53) 


72 (Qu)? ae ie en 


Since the output power (in dBm) at the intercept point P, is 
P,(dBn)= 10 log (A*-P,,(W)) + 30 (4558) 


after substituting Eqns. (4.32) and (4.53) we have 
Gap) ue) 
7¢ 80 c 80 


yz 
[cawg)? = | ge 


+11.43 ne SS) 
P., (dBm) = 10 log 


Equation (4.55) is a relatively simple expression relating the intercept 


point to the device nonlinearities. 
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4.3.5 Gain Compression in an IMPATT Amplifier 
Gain compression is the nonlinear effect observed in an amplifier 


when, if the amplitude V of a single-frequency input signal 
v,(t) = V cos w,t (4.56) 


is increased, the amplifier output does not increase linearly with the 
input but, rather, gradually falls behind. On the other hand, if the gain 
increases, the nonlinear effect is called gain expansion. Gain compression 
or gain expansion can be investigated using the Volterra transfer functions 
[92]. For small device nonlinearities, the terms accounting for this effect 
are H, (jw, ,j,,-j4,) and Hs5(jW),jW,,j1,-j ,-j¥,). The response v(t) at 


frequency w, is shown in Appendix B to be 


1 


re = V|H, (jw,) [cos [w,t + arg H, (ju,)] 


cys) , , : , ; 
+ ras |H, (Jo, 44, ,-J4,) leos [wt sn felts: H, (jw, jw, ,-jv,)] 


275 ; ; : : 
+ or |H, (Jo, .jw, .jw, Jo,» jw,) |cos [w,t 


The departure from linearity can be examined by considering the compres-— 


sion ratio c in dB defined by [92]: 


d £ tput at fundamental frequenc 
c(dB) = 10 log Amplitude of outpu q y 


Amplitude of linear term in output at fundamental frequency 


« (4.38) 
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Substituting the absolute values of Eqns. (4.44) and (4.57) into (4.58) 


results in 


3v2 


: 4 
Ho Gm. .30..-f0.)  5V° HiCj0, Bo, 4a, io. 30.) 
3 ies We 5 ae Aa BT “J J 
c(dB) = 20 log |1 + ena Se alee er ri 


4 H) Go,) 8 H, (jw,) 
CED) 
In narrowband circuits such as IMPATT amplifiers, the relative 
phases of Hi» H, and H. may be highly frequency dependent. Depending on 
their relative phase, the odd-order products may vectorially add to, or 
subtract from, the desired signal, thus causing gain expansion or com- 


pression respectively. 


4.3.6 Computed IMPATT-Amplifier Distortion 

The IMPATT-amplifier gain and phase shift were measured across the 
passband as will be discussed in Chapter 6. The experimental small-signal 
response (Poa = -30 dBm) is plotted in Fig. 4.3. At the centre frequency 
5.905 GHz, the amplifier has 17.3-dB gain. The 3-dB bandwidth extends from 
5.879 to 5.943 GHz. The coefficients of Eqns. (4.13) and (4.14) (meglect- 
ing terms of higher degree than the quadratic) were fitted to the elec- 
tronic admittance data of Fig. 3.15 for RF voltage amplitudes up to 10 V 
at the centre frequency; the maximum error in the least mean-squares fit 
was 1.7% for the electronic conductance and 1.3% for the equivalent elec- 
tronic capacitance. The circuit parameters G,, L,, C, were then chosen 
using Eqns. (4.31) and (4.32) to give the nonlinear model of the amplifier 
the same small-signal gain at the centre frequency, with the same Q and 
3-dB bandwidth as the experimental amplifier. The calculated values for 
the parameters in the nonlinear equivalent circuit of the IMPATT ampli- 


fier are listed in Table 4.1. In Fig. 4.3, the small-signal gain behaviour 
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TABLE 4.1 


IMPATT -AMPLIFIER NONLINEAR MODEL PARAMETERS 


a So ee 
a 


PARAMETER VALUE DIMENSION 
Seed a. ne Te are ee ee) |S 
B il ORAY) mS 

y 8.651 x 107% mS/v2 

c, 0.1643 pF 

d 6.288 x 10> pF/v2 

GC. Loo mS 

Le 0.8998 ; nH 

Oy 0.6430 pF 


of the nonlinear equivalent circuit is seen to approximate the measured 
response within 0.5 dB over the 3-dB passband. The phase shift of the 
amplifier model does not follow the measured phase shift as closely in 
Fig. 4.4; the predicted phase shift does not change fast enough with 
frequency due to the insufficient reactance slope (dX/dw) of the single 
ee) tuned circuit. However, the measured and predicted phase shift 
do agree within 20° over the passband. The predicted and measured res- 
ponse differ significantly for input levels larger than -10 dBm, or an 
RF voltage 5 V across the active diode, where terms higher than the 
quadratic cannot be neglected in the characterization of the diode's 
electronic admittance by Eqns. (4.13) and (4.14). 


The variation of the IMPATT's conductance parameters, Bo» Ys and 


the IMPATT's capacitance parameters, Co» A, with frequency is shown in 


a 


ii 
a) A " ~4 1 pL ra 


: O40 hws. BL Aitp “to sagieyin Bo oe mai te 

pit ; Nhe “aiuorey ott) .nhGgeaGa RHE bits ae vy e. — elek 7297 
7 

7 eigen ’ 


at oe 


ak viveo we Shs sadly bai WGhon fats pice ren aioe be 


cv | SE alae, 16h. pao Pete atlas bot sth a. ‘ gt 
Ta, ee ‘ A 
fnbr kp) sq0!s Soas 29597 es wD. ea euptd cd ila ie © | 
‘tile Sande Heoskbarg bos be voereMm say 7 en Fab pom sani ay : 5), 
ct ‘r 4: oper w 69786 

2 boyieyo baa Ppdacnssq it vats ‘ee nitraive * * 0s pen = sad 


Py ees 
pe ta MAb the user's Taagdel ~lovol ce yak +58 elannsbtieys wate, enog 


J 7 


i> gait 2witatht sorted csernlw , he tb ‘ta 
Bahiei eid +h glass rts onssths ady i 
(ADA) a 
: : = 
. “ta fee —— reg ehG, ass i 

: Non a 
a,’ ie Saker iislw i ng 

- 


7 ter #8 
Veer abo, 


; i 


i 


100 


$ “sTSATeue UOFIIOISTp SeTies eAZaITOA 10; 
(yu ¢z = °PT) eoueqonpuos sTU0ITQV<aTA SPOTP-LLVdWI 2843 FO uoTJezTsjoOeIeYyD sya UT ATseoMeIed 
souejonpuos TBSUFTUOU oy} pue BdUBJONpUOD OTUOAIDeTs TeUsTs-[TeMs Jo santea peyetnoyteg ¢*y van3Ty 


(ZHD) AONA NOAA 


O€6°S 0¢@6°S OT6°S 006°S 068°S 088 °S 


y-Ol x 0G°8 8G Oe i 
zm Wn 
ro) 
4 = 
2) i 
= 1 
=i op) 
Be 4 
a y-Ol x 09°8 6707 1= ie 
ra > 
oO fe 
3 a 
5 Z 
= eS 
5 a 
Oo x 0/°8 fare s 
>| yO 0 Scot Se 
a ro) 
res 
2 2 
nm (@} 
~~ 
< G8 
ht 3 
a 2 
_OT * 08°8 760° I- 


Ec<O0: = 


CNG, ¢, 


NoTH7 


Yd 


. a4 t ia 2 i oT > 33. rPisie P 
io aesclinod utd hee gncxaaubsse “inp ttaal«  tengls-/ .eiia 10 S i 33% = 
% Vir: sas 1% fas tts: nis etioce Were y 
efs sbaiS-Trauil aoF tT) nebtaset+s 26786 i . 
- : giariors wits tame patiae nyrstidy-fo7 oa 
Pid ; : 


101 


espotTp AesuTTUOU oY pue aoueqtroedes 9pOTp queTeatnba Teusts-[[eus JO SONTPA pszejp[NoITe) 9° 


(7A/ a4) ¥ HONVLIOVdVO UVANIINON 


OT 


Ot 


Ot 


OL 


Xx 


x 


x 


Xx 


te 9 


0¢2°9 


cc 9 


0G 9 


ate 


Geo"S 


*sTsATeue UOTIIOISTP SeTAes eALSITOA AOJF (YM CZ = aA aoueq 
-deosns OTU01RIeTS SPOTP-LLVdWL 24 JO UoOTJeZTAajIeAeYO Vy UT Aaeqoweired soueqToedes 


0¢26°S 


(2HD) AONANOAYA 


OT6°S 


006°S 


068°S 


079T°O 


Ae 8 le ©) 


OS9T*O 


She | Hea 8) 


7 oin3sTy 


9 HDONVLIOVdVO TIVNOIS-TIVWS 


O 


(4¢) 


. abevinne 


ahiuon oA4 Siw. siantesege) 350)! 
bagr snail phokhe TAT ais 


we 


oF 


=v, 


> 


q 


‘for 2S = 


th asuiag Dwwe bowed 05>. srgtt fel. 
Sila ra pS jo TET sont? taéqua 


a1 eae 


102 


Figs. (4.5) and (4.6), respectively. All of these parameters do not 
change appreciably from their values at the centre frequency, 5.905 GHz. 
The effect of such variations on the computed results was found to be 
negligible. Fixing the model parameters to the values in Table 4.1 is, 
therefore, a reasonable assumption. 

Figures 4.7 to 4.9 show the linear, third- and fifth-order non- 
linear transfer functions, respectively, for a two-tone input (1-MHz 
separation) in the passband of the amplifier. The amplitudes of the Vol- 
terra transfer functions are maximum at or near the centre frequency. 

At input signal levels less than -21 dBm, corresponding to a maximum 

RF voltage 1.8 V across the active diode, the nonlinear model response 
in Fig. 4.3 deviates only slightly from the linear transfer function. 
This indicates that seventh- and higher-order responses contribute 
negligibly and that the fifth-order model is adequate for that range of 
inputs. 

The dependence of two-tone IM distortion on frequency for a con- 
stant total output power of -10 dBm is depicted in Figs. 4.10(a) and (b). 
The value of third-order IM distortion calculated when neglecting the 
effect of fifth-order products is seen to be maximum at 5.905 GHz or the 
centre frequency for the small-signal case. At the higher signal level 
required for -10 dBm output power, where fifth-order effects come into 
play, the amplifier gain decreases and the resonant frequency shifts to 
a lower frequency. Since device nonlinearities are coupled most strongly 
to the external circuit at the resonant frequency, IM, decreases and also 
shifts as plotted in Fig. 4.10(a) when fifth-order distortion is included. 
This effect was also observed experimentally by Trew et al.[32]. The 


fifth-order IM distortion, Fig. 4.10(b), is 37 dB below IM, on average. 
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Figure 4.7 Computed linear transfer function, at frequency f1, for the 
experimental IMPATT amplifier (la. = 25 mA) with a CW input. 
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Figure 4.8 Computed third-order nonlinear (Volterra) transfer function, 
at Lrequency 2f -fo.0n thé experimental IMPATI amplitier 
(tie = 25 mA) witha two-tone input (f, =f, + 1 Miz). 
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at frequency 3f,-2f,5 for the experimental IMPATT amplifier 
ULaet= 22 mA) with a two-tone input (f, =f, +1 MHz). 
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The results in Fig. 4.10 demonstrate that the magnitude of the IM pro- 
ducts is dependent upon both the nonlinear mixing properties of the 
IMPATT diode and the amplifier passband behaviour. The variation in mM, 
across the passband is 2 dB, whereas IM, varies by 8 dB. 

Third- and fifth-order IM distortion as a function of input power 
at the centre frequency 5.905 GHz for a two-tone input with a fixed fre- 
quency offset of 1 MHz are plotted in Fig. 4.11. IM, is plotted both in- 
cluding and neglecting the effect of fifth-order products. For input levels 
less than -30 dBm per tone, the fifth-order products contribute negligibly 
to IM,. At an input level of -21 dBm per tone or -18 dBm total power, the 
value of IM, including fifth-order distortion is 3 dB below the value 
neglecting fifth-order effects. Therefore an input level of -21 dBm per 
tone is taken as an upper limit on the range of validity of the small- 
Signal nonlinear Volterra series model. For higher input power levels, 
more terms must be included in the Volterra series to represent the de- 
vice nonlinearities adequately. The fact that the model breaks down at 
such a low power level, corresponding to an amplitude of about 1.8 V for 
the RF voltage across the experimental IMPATT diode, indicates that the 
diode is quite nonlinear. 

The output power at the fundamental (f,), at the third-order 


distortion product iit ), and at the fifth-order distortion product 


2 
(3£,-2£,) for a two-tone input under the same conditions as for 

Fie. 4.11 is plotted in Fig. 4.12. It can be seen that, at —l6 dbm 

total input power, third-order IM distortion is 34 dB below the funda- 
mental and fifth-order IM distortion is 47 dB below the fundamental. The 


fundamental output power is -3 dBm (0 dBm total) for the same input. At 


higher power levels the fundamental output power begins to saturate; 
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Figure 4.10 Predicted frequency-dependence of IM distortion, using 
Volterra series analysis, for the experimental IMPATT 
amplifier Ces = 25 mA) with a two-tone input (f, eee MHz) 
and constant -10-dBm output power. (a) Predicted third-order 


IM distortion at aia b) Predicted fifth-order IM dis - 
tontecon at 3f,-2£,- 
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Figure 4.11 Comparison of measured and predicted IM distortion, using 
Volterra series analysis, for the experimental IMPATT 
amplifier (Ig, = 25 mA) with a two-tone input (£, = 5.905 GHz, 


ioe 5.906 GHz) at the centre frequency. 
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however, the absolute value cannot be ascertained, since it occurs in 

the large-signal region. The small-signal results have been extrapolated 
to obtain the third-order intercept point +11.5 dBm, and fifth-order 
intercept point, +8 dBm. The proximity of these intercept points is 
further evidence that both the third- and fifth-order nonlinear responses 
are important relative to the linear response for input levels greater 
than -21 dBm per tone. Equation (4.55) also gives P, = +11.3 dBm using 
the values in Table 4.1. 

The results in Figs. 4.13 and 4.14 display the frequency dependence 
of ™, and IM, respectively, for constant levels of the two-tone input 
signal. Third-order IM distortion is maximum at the centre frequency, 
which shifts to a lower frequency for signal levels outside the small- 
Signal region. IM. varies 5 dB over the passband for signal levels less 
than -28 dBm, and 8 dB for -23 dBm input level per tone. — is maximum 
at 5.910 GHz due to the peak in the fifth-order Volterra transfer func- 
tion at that frequency; the variation is 13 dB over the passband. 

Results for the upper IM products (2f,-£,) and (3£, -2f, ) dif- 
fered from those of the lower IM products by less than 1] dB. 

Lastly, the amplifier gain compression for various CW inputs is 
shown as a function of input power level in Fig. 4.15. Amplifier expan- 
sion or compression can occur depending on the relative phase of the 
transfer functions Hs Hs and H.. The IMPATT amplifier under considera- 
tion here generally exhibits compression except at the low end of the 
passband where expansion occurs. Identical effects have been reported in 
the literature [31]. Furthermore, the theory predicts that at the fre- 
quency 5.895 GHz the relative phases of the Volterra transfer functions 


are such that both compression and expansion occur as the input level is 
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varied: the amplifier appears to have an extended linear range, whereas 
the two-tone IM test shows the amplifier to be nonlinear. For this reason, 
IM distortion measurements are a more dependable indicator of amplifier 
nonlinearity than compression tests [92]. The output power is dominated by 
H,, with H, and H, introducing the small compression terms in Eqn. (4.59). 
Hence the fifth-order Volterra series model is applicable over a wider range 
for predicting compression than for predicting IM distortion. For compression, 
input levels up to -15 dBm can be considered in the model. Within this 
range, the maximum compression occurring in the passband is 1.2 dB, and the 
maximum expansion is 0.015 dB. Outside this input range, the compression 
apparently increases without bound because the five-term Volterra series 
does not suffice to represent the diode nonlinearities. 

Experimental verification of these results will be discussed in 
Chapter 6. 
4.4 Extension of Volterra Series Distortion Analysis to a 

Microwave Feedforward Amplifier 

In this section, the effect of feedforward linearization on the 
distortion producedin the IMPATT amplifier just described is analysed. 
The analysis, which employs a Volterra series representation of the main 
power amplifier, is general, however, and can be applied to any practical 


amplifier. 


4.4.1 Basic Nonlinear Model of a Microwave Feedforward Amplifier 

An equivalent circuit for the basic feedforward amplifier depicted 
in Fig. 2.8(b), is shown in Fig. 4.16(a). The input to the feedforward 
amplifier is the signal x(t); its output is y(t). The signal to the error 


amplifier is e(t). Operator notation will be used for analysis. Let the 
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main power amplifier be denoted by the complex gain operator H[ ], and the 
error amplifier by the complex gain operator re ]. The main delay line, 
a ae seconds, is denoted by the ae delay operator ue ]. The 
error-correction delay line has delay time oe seconds and is denoted by 
the time delay operator tosh ]. The input, output and recombiner directional 
couplers have voltage coupling ratios bg ae and oe respectively. For 
reasons discussed in Sec. 2.5, the ratios oe oh and st are generally 
much less than unity for a feedforward amplifier. Attenuation in the 

signal arm between the output coupler and the comparator is represented 

by ee Other circuit losses are not represented explicitly. Such losses are 
easily accounted for by simple modification of the above parameters; how- 
ever, the notation becomes unwieldy and nothing further is gained from the 
analysis. The values for Hes ne : and i are chosen from loop-balancing 
considerations. The gain operator for the overall feedforward amplifier 

is denoted by G[ ]. Simple circuit analysis of Fig. 4.11(a) yields the 


following equations in operator form: 


e(t) = T Uk, x(t)] - lyre x«c)) | ~ (4,60a) 
eo memle tea), “fe }, rea (x [yi «]) || +k, (A Le(t)]) 


(4.60b) 


Combining Eqns. (4.60a) and (4.60b) we have 


coon = (Ef SLVR (0 ~))] 
a, [ (7,05 x(t)] - 1, (H is =o) te ee 


Since Eqn. (4.61) must be satisfied for all input signals, this equation 
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where * denotes the cascade operation. 
It is assumed that the main amplifier can be represented by a 
Volterra series. This assumption is valid for all practical amplifiers 


which are inherently restricted to a region of asymptotic stability 
[21]. Furthermore, it is assumed that the amplifier nonlinearities are 
small enough that only the first five terms of the Volterra series are 
sufficient to characterize them, as in Fig. 4.16(a). Then, from Eqns. 
(4.4) to (4.7) the main amplifier output ve is related to its input 


x (t) by 
1 


tc ie ; 
5 n 
Ba, | 
y, Ct) = Hx (t)] = ) a Pat styreota)] x (t-ty)dty (4.63) 
= ae 
mo 0 oo 


th 


where hott <a gibi ey Be aes the n°--order Volterra kernel for the main 


] 2 


amplifier and where 
x tt) = 1-ké x(t) . (4.64) 


The range of integration extends from 0 to present time t because only 
causal input functions are considered. The remaining components in the 
feedforward amplifier are assumed to operate linearly. This is a valid 
assumption provided that: 


1) the main amplifier introduces only small distortion; i.e., 
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the main amplifier nonlinearities are small. 
2) The error-detection loop balance is sufficient that the signal 
to the error amplifier is essentially the main amplifier distortion signal. 
The error amplifier then operates in the linear small-signal region. 
Under the above conditions the feedforward amplifier can also be represented 


by a five-term Volterra series; i.e., 


5 . t " 
y(t) = G[x(t)] = ) { "| Bn (Tot o+++sth) | | a(t Stay (4.65) 
n=] 0 0 i=1 


fog tae) is the nth-order Volterra kernel for the feedforward 


where Baye a 


amplifier. The overall feedforward system representation is depicted in 


Fig. 4016(b). Substituting Eqns. (4.63) and (4.65) into (4.62), we obtain 


the system equation 
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4.4.2 Determination of the Feedforward Amplifier Volterra Transfer 
Functions 


Equating the linear terms on both sides of Eqn. (4.66), we get 


ie iE 
J ecpxc-mar, = kk, J oteosto-te, ac 
0 0 
iE O 
“uk k, Vink J 08,00 | feaepaenny| 
0 t-At, 0 


2: 
+ Vi-k Vi-k? yi-k f h(t, )x(t-At-t, dr, : (4.67) 
6) 


Taking the Fourier transform of Eqn. (4.67), 
° = . —jwAt, 
G, Gw) k kA, Gwe 


-jwA 
+ V1-k? H, (jo) Inks Tee end 2 “ugk, 0) | » (4.68) 


G, (jw) is the first-order (linear) Volterra transfer function for the 
feedforward amplifier. 

Considering amplifiers with less than octave bandwidth, such as 
IMPATT amplifiers, the second-order Volterra transfer function H, (30, »jw2) 
will produce distortion products 2W,,2W,,(¥,+W,) outside the passband. 
Similarly, distortion products from any even-order Volterra kernel will 
lie outside the frequency band of interest. Hence there is no need to 
calculate the even-order nonlinear transfer functions G, and G,, for the 


feedforward amplifier. 


ore C46 


ae : 
| a a (28) bee’ 


” 
ihe |” : 7 J 
‘ Be ’ b: 1 4 
ae © 4 eee Ae oye 
a‘ r | 0 : 
_- i 3 
7 
: (Feet ty A , | ) ' j 
i y Aw 0 


—T t.7" 


im a 


ming 
| 
" : bits tod et Temes <sieGht awe i0Y (eusegt 4 us pabi0- Jaa tt ads. a st) 8 
t= -sortnigen fra swe 
_ | 
} ee fous (tt atvbaed over: ‘patty suo] (ike & sai Phigae susie - ; 

teats gtd a soistoay? mtanky? atts ithoV ratty Senay wit “i? oth me | 

o. 

7 we 
a. — dereieesy SA) obiteana 6 8! -), obihy ot we xanubasq, snnen 8 any 74 


aw Js A106 aren ter sob voTtovh YOR = evens gets103 


Lib , view tbe 
wee 
( ‘aac ee. ic ‘ 
Pe Mee at a ates enns!! . fagrwtal we ; nec 
Ae vs os od >" a : , 


7 


“a 


) 0% y ban ” avorvinul 197ene2) 4 sb Le n° avr 


Ot _ 
7 S ‘ 
Bp si : 
- 7 } ; : 


120 


The third-degree terms on each side of Eqn. (4.66) can be equated 


to yield 
ie is iE 
| / / 83 (ToT ot, )x(tot, )x(t-t,)x(t-t, dt dt dr, 
0) 6) 6) 
t can oe 
=-u kk ieee do A, (t-o) Gt Gawcliaee ie T nw) Mo =Tens 
2 2 3 1 2 Poe per tgot aly Ae poe pee 1 


0) O00 
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Z 3 


t-At,, t-At, t-At,, 
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+ [1 Vi-k2y1 ; dt, dt dt, h(t, ,T,,T,)x(t-At, T,) 
0 0 0 


-x(t-At,-1,)x(t-Ato-7,) , (4.69) 


Taking three-dimensional Fourier transforms of both sides of 


Eqn... (4.59). 
; : 5 a : ‘ ; 2 2 oj (w,+wotw, At 
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In a similar fashion, the fifth-order nonlinear transfer function 


is determined to be 
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4.4.3 Intermodulation Distortion in a Feedforward Amplifier 
The introduction of two or more nonharmonically related signals 
into the input of the feedforward IMPATT amplifier results in the generation 


of intermodulation signals in the output of the amplifier. As in Sec. 4.3.3, 


consider a two-tone input signal 
x(t) = V(cos Ot + cos", e) (a5 720 


where w, and w, are incommensurable frequencies in the passband of the 
amplifier. For W 1 ~W, and small distortion, the third-order intermodulation 
distortion Poss for the feedforward amplifier is the same expression as 


Eqn. (4.45) with the IMPATT amplifier Volterra kernels H,,H,,H, replaced 


by the feedforward amplifier kernels G> G., and Go 6 er 


2 
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Similarly the fifth-order intermodulation distortion eae for the feed- 


forward amplifier is 
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The feedforward amplifier third-order intermodulation distortion 
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Substitution of Eqns. (4.70) and (4.71) into (4.75) yields 
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Since the main amplifier is generally nonlinear, its intermodula- 
tion distortion ns is nonzero. Also, LF cannot be identically unity, for 
in that case there would be no signal reaching the main amplifier. We can 


thus conclude from Eqn. (4.76) that 


| Yi? V1-K? ee aS “uk kA [5 (20 -w,)]] = 0 (4.77) 
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In order that third-order IM products be zero for the feedforward ampli- 
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fier, the amplitude and phase balances of Eqns. (4.78) and (4.79) respec- 


tively must be exact. 


Proceeding in an identical manner for the fifth-order IM products, 


they will be zero if 
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Equations)(4.78) to (4.81) indicate that the IM distortion per- 
formance of the feedforward amplifier is entirely determined by the 
precision of balance in the error-correction loop as long as the error 
amplifier a) is operating in its linear region. 


For amplifiers with two test tones ee applied, 
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The effect of loop balance on the improvement in IM distortion can be 
analysed by assuming an amplitude imbalance a anda phase imbalance 4 
2 Z, 


im thie error=correction. leop, where 


(4.84) 


Or 
II 


and aoe (yas a\e : 
We i (4.85) 
Let the Volterra transfer functions for the main amplifier be denoted by 


H, iw) Haba (2a — y j = . 
sits ) iit : a and Baloo an Assume, for now, perfect 


balance of the error-detection loop, i.e. 
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This assumption does not affect the generality of the present analysis. 

Any imbalances which may, in fact, be present cause the error signal to 

be larger than for the perfectly balanced case. As long as the resulting 
error signal is small enough for the error amplifier to process it linearly, 
the same results apply. Substitution of Eqns. (4.84) to (4.87) into (4.68), 


(4.70), (4.71) and (4.73), in conjunction with the approximation 
l-aexp(-j6) = (l-acoss)+ jasin 6~ l-a + ad” /2 + joc + ... (Csnall 7G) (4.88 
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In the feedforward amplifier the amplitude of cach tone at the input of the 
main amplifier is lila Se V, given by Eqns. (4.64) and (4.72). Substituting 
this amplitude for the amplitude V in Eqn. (4.45), and comparing the result 


with Eqn. (4.89) we obtain 
[IMypy - IM, ](dB) = 20 log fia i a, 82 | 1/2 ; (4.90) 


Similariy, using Eqns. (4.84) to (4:87), (4.68) and (4,71) in Ban. (4,74) 


one can obtain 
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For small amplitude- and/or phase imbalances, the feedforward amplifier 
is thus seen to reduce third- and fifth-order IM distortion products in 
the same ratio. 

As regards the third-order intercept point, Pas graphical in- 
spection reveals that, for every n-dB reduction in the third-order IM 


products of the main amplifier by feedforward correction, ee will be 


extended by n/2 dB. 
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4.4.4 Computed Distortion in a Feedforward-Corrected Amplifier 

Equations (4.90) and (4.91) predict the improvement in IM dis- 
tortion attainable by feedforward correction of a nonlinear amplifier 
as a function of amplitude- and phase imbalance in the error-—correction 
loop. Such imbalances are primarily due to error amplifier gain- and 
phase variations with time and frequency. Figure 4.17 shows the expected 
improvement in third- and fifth-order IM products for various combinations 
of amplitude- and phase imbalance in the error-correction loop. Only am- 
plitude imbalance due to gain increase has been considered in the curves 
of Fig. 4.17. A further set of curves corresponding to gain decrease may 
be plotted, but the difference between the two sets of curves for ampli- 
tude imbalances less than 1 dB are very slight: a 1-dB gain decrease 
gives a curve approximately equivalent to that for 0.9-dB gain increase. 
Figure 4.18 displays the contours of constant improvement in Se or a 
as a function of gain- and phase variations in the error-correction loop. 
In Fig. 4.18, both positive and negative amplitude imbalance have been 
considered; the slight asymmetry of the constant IM improvement contours 
with respect to gain increase or gain decrease can be seen. From Fig. 
4.18, the values of gain- and phase imbalance which can be tolerated for 
a desired improvement in oe and a can be determined directly. Several 
conclusions can be drawn from the curves of Fig. 4.17 and Fig. 4.18. 
For small gain imbalance Co = 0.1 dB or less), the improvement in a 
and in ae is very sensitive to phase imbalance. However, when the gain 
imbalance is large oP = 1 dB), the improvement is rather insensitive to 
phase imbalance. An improvement in IM distortion of the order of diy ce 
is anticipated for a large gain and phase imbalance cc = 1 dB, = = 5 
degrees). In a practical amplifier, it should not be difficult to achieve 


at least a 20-dB reduction of the IM products. 
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4.5 Power Considerations in Microwave Feedforward Amplifier Design 

It should be emphasized that the expressions (4.90) and (4.91) 
apply only if the error-detection loop is sufficiently balanced that the 
amplitude of the error signal is in the small-signal linear region of the 
error amplifier. The effect of gain- and phase imbalance in the error- 
detection loop on the error signal can be determined by considering 
Eqns. (4.86) and (4.87). Consider a gain imbalance a. in (4.86) aa a 


phase imbalance 3 Lay CAsey ie el eee 


) 
tt 

URS, 
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1-k?2 |H (jw )| Ko? (4.92) 
it i ] il 
ene (4.93) 
ul ] 1 


Then, if the main amplifier introduces small distortion, the error signal 
obtained under balanced error-detection loop conditions consists solely 

of undesired distortion products, whereas the error signal for the above 
imbalance in the error-detection loop is dominated by the desired signal. 


Analysis of Fig. 4.13(a) gives 
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The main amplifier contributes power, te to the output power, Pos 


the error-amplifier contributes power, eos to the output power, where 
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2 
ee ly(t) | /2Z, = ea (4.96) 
ar mes: cee 2 
; (1 one! ko ly, Ce) | [22 (4.97) 
P = k2{A (ju) |*Jece) [2/22 (4.98) 
y) cee fe) 


and Z is the characteristic impedance of the transmission line. From 
O 


Eqns. (4.96) to (4.98) the relative contribution of P and P toP is 
1 2 oO 


Pp, 2 JA Gu) | Be Cel eece) 
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Assuming the error-correction loop is balanced (i.e. o =1, 6,=0), and 
2 


substituting Eqns. (4.94) and (4.95) into (4.99) yields 


2 
P/P ={|1-a exp(-j6 ) an? (4.100) 
eel 1 il 1 

Using the approximation given in Eqn. (4.88) and expressing the power 


ratio P,/P, in dB, we obtain 
: g]i/2 
ere see) = 20 log (1-07) + a, 82 - 20 log a . (45.0 1) 


Figure 4.19, based on expression (4.101), shows the relative con- 
tribution of the error amplifier power and main amplifier power to the 
feedforward amplifier output power as a function of amplitude- and phase- 
imbalance in the error-detection loop. For a constant output power, an 


increase in main amplifier gain has the opposite effect on the power 
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which must be handled by the error amplifier than a decrease in main 
amplifier gain. If the main amplifier gain decreases by 6 dB to half 
voltage, the main amplifier and error amplifier (assuming it will oper- 
ate linearly under these conditions) must provide equal power. Figure 
4.19 allows us to specify the requirements for the error amplifier with 

a knowledge of the gain and phase variations, and distortion products of 
the main amplifier [57]. For example, if the IMPATT amplifier gain de- 
creases by 3 dB from nominal in the frequency range of interest (the 
amplifier passband), and its phase varies by +10 degrees, then the error 
amplifier must deliver -7 dB of the main amplifier power to the output. 
Since the distortion in the form of IM products is -38 dBm (see Fig. 4.12) 
for an output power of 0 dBm, the error amplifier power requirements would 


be dominated by the IMPATT amplifier variations. 


4.6 Gain Sensitivity of a Microwave Feedforward Amplifier 

Assume that a small gain imbalance a and phase imbalance eae 
given by Eqns. (4.92) and (4.93) respectively, exist in the error-detection 
loop. Also, assume that a small gain imbalance oy and phase imbalance ae 
given by Eqns. (4.84) and (4.85) respectively, exist in the error-correction 


loop. Substituting these parameters into Eqn. (4.68), we obtain 
j "(4 = -46 + -76 - a exp[-7(6 +6 ) C4902) 
Ede Soi) o exp (-j i O expt) - ie Pisa ] 


where G'(4w) is the complex gain when a precise balance exists in both 
1 
loops, and G (jw) is the complex gain when the assumed imbalances are pre- 
i 
sent. 


For small phase imbalances; i.e., a and oF <a 
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[6 Gu) /6! Ge) | = 13 + ee ae . (4.103) 
Thus small variations of phase are unimportant as far as their effect on 
the gain of the feedforward amplifier is concerned. Suppose that the gain 
of both the main amplifier and error amplifier deviate from the precise 
balance value by p%; from Eqn. (4.103) we note that the gain of the feed- 
forward amplifier system is changed by only 0.01p*%. Moreover, we note 
that, if there is a precise gain balance in either tie ersor-dection= 
on error-correction loop Cive. oe or a = 1), the overall gain remains 
almost constant for small phase imbalances. 

A study of linear gain sensitivity of a feedforward amplifier 
[94] indicates that the couplers in the feedforward loops are more criti- 
cal components for linear gain variation than the main or error amplifiers. 
However, it is also shown that if the nonideal Sey deviations are 


systematic, the couplers can compensate one another so as to minimize the 


effects of the variations. 


4.7 Summary 

Volterra series analysis is a general and useful technique for 
calculating intermodulation distortion in a nonlinear amplifier with 
multiple inputs. In practice, however, it is restricted to the represen- 
tation of mildly driven nonlinearities for which the first terms of the 
Volterra series suffice. A five-term Volterra series is used to predict 
third- and fifth-order intermodulation distortion, and intercept points 
for a narrowband IMPATT amplifier with a two-tone input, and gain compres- 
sion for a single-tone input. The model applies up to an input level of 


-21 dBm per tone for IM distortion, and -15 dBm per tone for gain com- 
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pression. Maximum third-order IM distortion is predicted to be -38 dBm 
in this region for a fundamental output power of -3 dBm, and intercept 
point of 11.3 dBm. Maximum fifth-order IM distortion is predicted to be 
-52 dBm with an intercept point of +8 dBm. Gain compression and expansion 
in this input range is less than 1.2 dB over the passband of the amplifier. 
Since the model ceases to be valid at small signal levels relative to the 
power rating (100 mW) of the diode, it can be concluded that the IMPATT 
diode is a rather nonlinear device. 

Volterra series analysis of the feedforward amplifier edie 
the improvement in IM distortion as a function of error-correction loop 
gain- and phase imbalance. Two important characteristics of the feedfor- 
ward amplifier are evident: 1) in setting up the feedforward amplifier, 
the error-detection loop balance determines the error amplifier power 
while the error-correction loop balance determines the degree of cancel- 
lation of distortion products; 2) for the reduction of distortion products 
to be consistent, close balance of the error-correction loop must be 
maintained. Hence, the error amplifier gain- and phase variations must 
either be very small over the frequency range of interest, or else some 
adaptive loop-balancing technique must be employed [56]. These restrict- 


fons can be relaxed for a lower degree of improvement in IM distortion. 
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CHAPTER 5 


QUASISTATIONARY NONLINEAR DISTORTION STUDY OF A 
FEEDFORWARD-CORRECTED IMPATT AMPLIFIER 


5.1 Introduction and Overview 

A second method of analysing feedforward IMPATT amplifier 
intermodulation (IM) distortion is developed in this chapter. 

The IM distortion of the IMPATT amplifier itself is first calculated: 
the distortion is obtained, together with the fundamental output, as 
the steady-state frequency-domain solution of the complex nonlinear 
differential equation describing the equivalent circuit of the 
amplifier. The effect of the linear feedforward circuitry on IM 
distortion is then determined by conventional linear circuit analysis. 

The method of analysing IMPATT-diode amplifier distortion is 
applicable to other two-terminal active devices which display negative 
conductance to the external passive circuitry. Such devices operating 
at microwave frequencies normally exhibit nonlinear susceptance in 
addition to nonlinear negative conductance, where the admittance is 
a nonlinear function of RF voltage amplitude and frequency. 

An accurate device model should include both of these elements 
so that memory effects are accounted for. In the present approach, 
the nonlinear conductance and the nonlinear susceptance of the active 
diode are mathematically described by bicubic spline functions which 
interpolate the active diode admittance in both RF frequency and applied 
RF voltage level. The passive circuit admittance seen by the active 
device is also represented by a cubic spline function interpolation 


in frequency. The data to be interpolated may be in analytic, graphical 
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or discrete point form. Thus, the method is compatible with experi- 
mental measurement of the active diode admittance and passive circuit 
admittance. These mathematical representations of the active and 
passive microwave circuits are then related to the differential 
equations describing the respective terminal voltage-current relation- 
ships: a high-order linear differential equation holds true for the 
passive circuitry while a high-order nonlinear differential equation 
is assumed for the active diode. 

In the steady state, a nonlinear system, which has two or 
more input signals closely spaced in frequency, generates IM distortion 
products (centred at the input frequencies) at the output. To determine 
amplifier IM distortion, a balanced two-tone current signal is injected 
into the parallel connection of passive and active circuit admittances 
in the equivalent circuit. The fundamental voltage Peanonnee in the 
zone of the input frequencies, is assumed to be slowly varying in 
amplitude and phase, compared with the microwave carrier frequency 
(this is the quasistationarity assumption). The steady-state voltage 
response is calculated by numerical solution, in the frequency domain, 
of the complex nonlinear differential equation describing the IMPATT 
amplifier. The IM distortion products of the IMPATT amplifier can be 
identified directly since the solution is obtained in the frequency 
domain. 

Most of this chapter is devoted to the presentation of the 
above technique for evaluating IMPATT amplifier distortion. The 
method is an extension of a previous, unpublished study on transients 
in a microwave two-terminal oscillator [95]. To extend said work to ampli- 


fier circuits, part of the material of Ref, [95] will first be discussed 
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in Section 5.2. The nonlinear equivalent circuit of the IMPATT- 

diode amplifier and the nonlinear differential equation describing 

the model are developed in Section 5.3. The method for measurement 

of the equivalent circuit parameters is explained. Also, the 
numerical technique for calculating IM distortion is developed and 
computed results are presented. Section 5.4 discusses the improve- 
ment in IM distortion which can be obtained by feedforward 

correction; the feedforward circuit external to the IMPATT 

amplifier is analysed using linear circuit analysis. The last section 


is a brief conspectus of results contained in this chapter. 


5.2 Derivation of Active and Passive Circuit Non-CW Admittance 
Operators 
5.2.1 Linear Passive Circuit Non-CW Admittance Operator 
ihe terminal voltage, v(t), and terminal current, 1(t)5 oF 
a one-port passive circuit are related, in general, by the linear 


differential equation [95] 


M N 
m, n 
oe Gut (0) > b, dwt) Gap 
m n 
n= dt n=0 dt 


where the coefficients an and DS are constants. The order of the 
differential equation is determined by the number of poles and zeros 
in the passive circuit. Equation (5.1) can be written in operator 


notation as 


P[d/dt] {i(t)} = Q[d/dt] {v(t)} (5.2) 


1. 
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where P[d/dt] and Q[d/dt] are polynomial differential operators of 


order M and N, respectively. 


A single-frequency CW voltage excitation 


v(t) = _ exp (jut) (5.30 


produces the current response 


i(t) = I, exp (jw t) = exp (jw t) YX, Gu) a C54) 


in the passive circuit. The actual physical signals are given by 


Re {v(t)} and Ree{ii(t)}.. The term XY, Go,)> called the passive 


circuit CW admittance, is defined by 


I, Q(jw,) 


MP ON Eire li! ome arora 
Cc fe) vo P(jw,) 


(G29) 


This admittance concept can be extended to the case of non- 


CW excitation by defining an admittance operator [95]. 


voltage excitation 


v(t) = A(t) exp(j (wt +9(t))) = V(t) exp(jut) (Gh) 


The signal V(t) is the complex time-varying voltage amplitude; 


magnitude (real) is A(t); its phase (real) is o(t). 


The general current response becomes 


Consider the 


its 
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L(t) = I(t) exp (jut) (327) 


where I(t) is the complex, time-varying current amplitude. 


Differentiating Eqns. (5.6) and (5.7) results in 


tL 
aed = exp(jut). [ju + d/dt]” {A(t)exp(jo(t))} (5.8) 
dt 
and 
sour 
SD = exp(jut). [jw + d/dat]” {1(t)} shen) 
dt 


Substituting Eqns. (5.8) and (5.9) into Eqn. (5.1), and utilizing 


the operator notation of Eqn. (5.2), we obtain 


P [jw + d/dt] {i(t)} = Q[jw + d/dt] {v(t)} . (5.10) 


Analagous to the CW case, we can define a linear admittance operator 


y Ciw(t)], for the non-CW case by 


¥ [jw(t)] = ¥ [ju + d/dt] - Qjw + d/dt] ELS 


P[jw + d/dt] 


The amplitude of the current response is then given by 


I(t) = ¥ [jw(t) J {A(t) exp(jo(t))} Ra Gis 2) 
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The admittance operator ¥ [Cjw(t)] operates on the term in the curly 
brackets { } in this notation. We can also define the frequency 


operator 


[w(t)] = Ld - j d/dt] i, 1g) 


where w(t) is the instantaneous frequency, and w is the quasistation- 


ary frequency. The instantaneous frequency of v(t) is 


os 
rt |-o 


et ge a 
oCe) = ae (Ht + .0(t)) = (5,14) 


At microwave frequencies, the amplitude A(t) and phase 9(t) 
are usually slowly varying functions of time (for AM and PM respect- 
ively) in comparison with the quasistationary carrier frequency W. 
For dA/dt <<wA and do/dt<<w, the admittance operator can be expanded 


into a Taylor series about w: 


n 
¥ [iw(t)] = v,[ia + d/at] = 7 teu slisey Gas 
AZO dun alt \wcallie 


SUDStitvtane Kqns. (el3) and (5.15). into Eqn. (¢5.12), we have 


ee) 


n - l 5 
rt) =| >> rae (jw(t)-Ja)"|{A(e) exp (Jo(t))}.(5.16) 
n=0 


Equation (5.16) is known as the Carson-Fry series [96]. 
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Inspection of Eqn. (5.16) reveals that the operator 
7) 3 
Y [ijw(t) ] will be composed of terms jW#, (jW) , (jW) , etc.. 


Separating the real and imaginary parts of ¥ [iw(t)] results in 


: 2 2 
¥ [iw(t)] = Glow (t)] - jo(t) sfw (t)] (5.17) 
where 
2 - 2 pa " af 
GLw (t)] = Gl -j d/dt) J] = G[w - j2w d/dt - —y] (5.18) 
dt 
and 
2 eo D 22 = d af 
BIW CE eles SLAG a diot) |e) S[na oi 2G ee ol) 
dt 


are conductance and inductive susceptance operators, respectively. 

For slowly varying amplitude A(t) and phase $(t), the second-order 
2 2 

term d /dt is negligible. Then, expanding Eqns. (5.18) and (5.19) 


by a Taylor series, we obtain 


2 
GLw (t)] 


- ab (e ao 1 2 -2 n 
ee ee CE) uw) (5.20) 


-“\n 
d(w ) n! 
n=0 


and 


2 
S[w (t)] 


: das ma 1,2 -2 4 | 
Dy Ces Se een) . (5.21) 
n=0 


d(w )” n! 


Substitution of these results into Eqn. (5.17) is found to yield the 
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desired passive circuit non-CW admittance operator [95]: 


= m= ine ae é -2 n 
EKO SD (sf Panett on ere Fain 


d(w ) d(w )™ n! 


5.2.2 Approximation of the Passive Circuit Linear Admittance Operator 
by Cubic Spline Interpolation 

The expanded Carson-Fry series, Eqn. (5.22), may not be 
convergent for frequencies far from the quasistationary frequency W3 
the convergence depends on how slowly A(t) and $(t) are varying compar- 
ed to w. However, at microwave frequencies, the AM and/or PM modula- 
tion is slowly varying compared to the carrier frequency. In this 
case, the series, Eqn. (5.22) will usually converge [95], and a 
finite number of terms can approximate the series with sufficient 


accuracy: 


b He n.,-—* 2 2K 
¥ [iw(t)]s > (£26 - ju(t) E8@ 1) @ (ow). (5.23) 


n=0 


If ¥ [jw(t) ] is given analytically, the derivatives in Eqn. 
(5.23) are easily found; normally, however, only measured discrete 
data points are available so that numerical differentiation must be 
employed. Cubic spline interpolation is an effective technique for 
numerical differentiation for several reasons [97]: 

lt) The natural cubic spline interpolating function om the inter- 


val [a,b] exists for all continuous functions in [a,b], and is unique. 
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2) The cubic spline interpolating function, f(x), possesses the 


property of least mean-squared curvature; that is, for all other 


twice-differentiable interpolating functions g(x), the property 


b 


b 
1 2 < an] pa 
fite (x)] dx - f le (x) ] dx (5224) 
a 


a 


holds. Thus, in the sense of the integral, the cubic spline may be 
viewed as the smoothest of all possible interpolating functions: | 
it interpolates data points with minimum curvature. 

3) The cubic spline is continuous together with its first two 
derivatives on [a, b]. 

4) The cubic spline has strong convergence properties even for 
unequal mesh intervals. 

5) The cubic spline coefficients in a given mesh interval depend 
on all data points in the range [a, b]. Consequently, nonsystematic 
errors of individual data points on the numerical derivatives are 
reduced — the derivatives are smoothed. 

Let the passive circuit admittance measured at CW frequencies 
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Equation (5.25) is equivalent to the representation of the circuit 


admittance operator in Eqn. (5.17) for the CW case (d/dt = 0; w(t) = w). 
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Now consider small frequency deviations about the quasistationary 
frequency w. At the instantaneous frequency, w(t), we wish to 


2 
approximate the continuous and differentiable functions G[w (t) ] 


2. ee 
and S[w (t)], (Eqn. (5.17)), on the interval [w 


EME 
ey Os | Anee 
piecewise fashion, using cubie spline interpolating, polynomials 
ee 
over non-overlapping subintervals (w ; Weary? 
A natural cubic spline can be fitted in each of these (M - 1) 
2 


frequency intervals. In the ey aerenval (a, ; ae 


) the cubic 


spline functions are [79], [97]: for the conductance, 


3 3 
Zz A 2 2m _2 2m 
Gy Cw ) = ) ge (w -B,,) = > ay @) W 
m=0 m=O 
3 
DD 2m 
= a (26) 
m=9 
and for the susceptance, 
3 3 
2 A Dee: a aay) 2m 
Sx (w ) = > Si (i 4) = ) s (w) w) 
m=0 m=0 
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be 2m Pa oe a 
= S WW 
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The natural cubic spline coefficients gn and a4 have been rearranged 


to yield new coefficients, a and s. respectively, which are 


functions of the CW frequency Wy 
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are given by: 


es nN pee ES eG 
ee oes (wo) = ee ees sie eG B, wy (5.28a) 
_2 “ ne ae: ee 
= = ae! ao . 
g, ae B 28, Wy 38, wy (5.28b) 
~e A PS] 
= Ww = oe 
8. Bt w g w (5.28c) 
= , 5.28d 
8, 8, ( ) 


A similar set of relations transforms the normal cubic spline 


coefficients oF into the rearranged coefficients sa Combining 
Eqns. (5.26) and) (5.2/7) as in Eqn. ©.17) we obtain the fitted circuit 


, ; ca = 
admittance operator, in the K -interval (w 


ke Ore? 


21 
(g. - jw se . (5.29) 


Me 


a = 

lied, 
m=0 

Hence if the frequency intervals are fine enough to reveal all local 

extrema, the actual admittance function is well approximated by only 

four terms. 


In summary, for a non-CW voltage excitation 


v(t) = A(t) exp (j(@wt+¢(t))) (530) 


where A(t) and $(t) are slowly varying functions of time in 


comparison with the carrier frequency wW (i.e. dA/dt <<wA and 
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dg/dt <<w), and the instantaneous frequency w + (do/dt) lies in the 
gth : - ~ 
K -frequency interval Wy» Wry)? the passive circuit current response 


TS 
i(t) = I(t) exp (jut) : (5.31) 


The actual physical signals are Re{v(t)} and Im {i(t)}. The complex 


current amplitude I(t) is given approximately by 
T(t) = Y [jw], {A(t) exp (jo(t))} ; Gir32) 
Using Eqns. (5°13) ‘and 6.2995 we can write Eqn. (5:32) in the torm 


3 
= 2m 
r¢t) =| J), - jus) G = 4 a/at) | (A(t) exp (o(e))}.G.33) 
m=0 K 


5.2.3 Nonlinear Active Circuit Non-CW Admittance Operator 

Analysis of a two-terminal active diode is simplified by 
isolating the nonlinear, relatively frequency-insensitive electronic 
admittance, Yo of the active region of the device from the admittance 
of the inactive regions and of the package parasitics. The latter can 
be included in the linear frequency-sensitive passive circuit 
admittance, Yo seen by Yo: 

There are bias components, Vz (t) and I(t), superimposed on 
the active device terminal RF voltage and RF current. Due to rectifi- 
cation and thermal properties, these bias components will be slowly 


varying functions of time. However, because of large time constants 
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in the bias circuitry and large thermal time constants for a 
device mounted into a large heat-sink, changes in the ac bias 
components are very slow compared with the RF signal variations. 


Consider a non-CW, RF voltage excitation given by 


v(t) = A(t) exp (j(wt + o(t))) + A(t) exp (-j(wt + $(t))) (5.34) 


or 


Ve) eee eee) G25) 


v(t) 


Both positive and negative exponential signals must be included in 
analysing nonlinear circuits because both will contribute to the 
response at each signal through nonlinear effects. The amplitude A(t) 
and phase ¢$¢(t) are both assumed to be slowly varying compared with 
the quasistationary frequency Ws and with the response time of the 
network (i.e., dA/dt<<wA and dd/dt<< w). This assumption is valid at 
microwave frequencies. Further, it is assumed that, in the tuned 
amplifier, the external circuit admittance across the active region 
of the diode is sufficiently high that this admittance is infinite © 
for all harmonics except the fundamental [3]. This assumption can 
be made safely for most negative-resistance devices mounted in a 
tuned circuit with a significant Q. In fact, the second and other 
harmonic voltages measured for the experimental 100-mW IMPATT 

diode were no larger than one percent of the fundamental voltage 


(there was no detectable harmonic power within 40 dB of the 
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fundamental) for input levels less than +10 dBm applied to the 
IMPATT amplifier. Higher-order harmonic current flow is assumed 
to be unimpeded [3]: the active circuit RF current response to 
the excitation v(t) can be written as 


+L 


gas > L(t) exp (j2ut) (5.36) 


=-L 
2#0 


where the bias term (2=0) has been neglected, and T(t) is a complex 
time function. The voltage, v(t), and current, i(t), can be related, 


in a simple model [95], by the differential equation 


Pp Q 
Pp 
= > > | Gey oo) 
Ce) Bela vay Ge) ve , (6.37) 
p=0 q=0 


In the above model, i(t) is a nonlinear function of the voltage v(t) 
and its derivatives, but does not depend on the voltage integrals. 
Substituting Eqns. (5.35) and (5.36) into Eqn. (5.37), and 


then differentiating v(t) as in Eqn. (5.8), we obtain 


+L P Q 

> I(t) exp (jiwt) = exp (jut) > > Ae vi(t) 
Q=-L p=0 q=0 

L#0 


P Q 


vi(t) (-jutd/de)’ | {v*(t)} . (5.38) 
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The terms in square brackets [ ] on the right hand side of Eqn. 
(5.38) operate on the terms in curly brackets { }. After 
rearranging the right hand side, we find the fundamental complex 
current amplitude (the current response in the zone of the input 


frequency) at exp (jwt) to be [95] 


OT! 
s 2 
nae 5 aE - Pp 
Beene Cah) Son By bo oo,an © St) Gutd/dt) "lev (e)} 
p=0 n=0 
Ql 
: 2 
+exp (-jut) b Zz (i Phe yx 
exp (-jwt , BAe ae v(t) (jwtd/dt)*KVv*(t) } 
p=0 n=0 


(33 9)) 


In the first term on the right hand side of Eqn. (5.39), the middle 
index 0 in the coefficient De aon denotes "take the de part of the 
expansion of aa This term when multiplied by the factor exp (jut) 
produces a component at exp (jut). Similarly, the index 2 in the 
coefficient Poa in the second term on the right hand side of Eqn. 
(5.39) denotes "take the second harmonic of the expansion of eM 
This term, at exp (j2ut), when multiplied by the factor exp(-jut) also 
produces a component at the fundamental frequency exp(jwt). 

The two terms in square brackets in Eqn. (5.39) together form 


a nonlinear admittance operator, YLiw(t), V(t)], for the two- 


terminal active diode, such that 
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L(t) ~ Y [Ciw(t), v(t) ] {V(t) } (5.40) 


The complex nonlinear admittance operator describing the 


active circuit can be simplified greatly for CW excitation, 


CE ees (exp(jwt) + exp (-jut)) 


(See) 


This excitation is also given by Eqn. 


(5.34) for steady- 
state CW conditions 


A(t) = NGS oe o(t)=0, wew, d/dt=0. We can 
substitute these parameters into Eqn. 


(5.39), and after separating 
ever fromodd-powers p, we obtain 


Pal ce 
a 2 
se NS eal see ea De b 


Bet (O=1 
2, os 
= S| een 2 @ingpal 
+exp (-jwt). » > b (-jw) +b (-jw) ) 
\ 20h, 2 5 20) Laila Ne 455 750) 
m=0 n=0 
Za 
ve. CE) | cA (5.42) 
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Expanding v (t), retaining the dc component or 2 -harmonic component 


of this expansion according to the middle index of the b coefficients 
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For simplicity, define a new set of coefficients: 


d = b oD (5.44a) 
2m,2n Arie (0) 52a As PPA 


d =b - b A (5.44b) 
Pan Manidh 259) Dymar il, (0) a) inaril 12 Zin 


Then, "irom Eqns. (5.43) and (5.44), 
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Equation (5.45) is the complex amplitude of the current response at the 
fundamental frequency for a CW voltage excitation given by Eqn. (5.41). 
By definition, the CW admittance operator for the active region of the 


device is [95] 
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This electronic admittance operator is seen to be amplitude- and 


frequency- dependent; that is, it is nonlinear. 


5.2.4 Approximation of the Active Circuit Nonlinear Admittance 
Operator by Bicubic Spline Interpolation 


The coefficients in Eqns. (5.44) and (5.45) can be determined 
by making CW admittance measurements on the active region of the diode. 
Interpolating these electronic admittance measurements using bicubic 
spline functions yields an expression of the same form as Eqn. (5.46) 
defining the CW nonlinear admittance operator. A bicubic spline 
interpolation is simply a cubic spline interpolation in two dimensions 
[97]. The existence and uniqueness properties, convergence property, 


least-squared curvature property, and data-smoothing property of one- 


dimensional cubic spline interpolation also apply to the two-dimensional 


case [97]. 

A bicubic spline function can be fitted through a grid of MXN 
values G , G Me ee: of large signal electronic conductance 

Wie Lee M,N 


where G. . is the value of the electronic conductance measured at CW 
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radian frequency > and at large-signal RF voltage amplitude te for 
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is of the form [79], [97], 
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The natural bicubic spline coefficients gan have been rearranged to 


yield a new set of coefficients a (wp AL) which are functions of 
wy and A. The new coefficients Ban? Me n=051,2,3 are given by: 
2 ub 6 2 Nee ieee 2 


Sie =— Gre b—¢ we CG =< wee woe oo A 
00 si a k B50 k E30 k (Bo, i k oy k a K? L 


2 _4 3°) 4 
hee 8 ce. eG Ww 
oye eae an AL 


mr 6 
= os + AN. oS 
(e058 Mk Bk Baek (5.48a) 
2 Le ee 
S68 700 lee eC 26 G.4+36 @ )A 
Fe ae Bo %k 2 k ea on k on kok 
2 ips ak 2 are 
+(@ -26 43¢ oO -(6 -28 wo 4+3€ O, 5 .48b 
é., yp k eT e., ae Saat Li ( ) 
2 2 2 4 
= -3 ww -(& -3& w,)JA+(& -38 w,) 
Sat oo oat k (Boy ee i 22 AL 
2 
ee ae (5.48c) 


6 
fy ee : 8 (5.484) 
eye om Seog Sane 


om A Pb 7 iakc aye 


La a ts . a 
wd ree ahrohex ad ihaaonnitak es at plc aiid 
ig, antotte get. ote. Histw 4af «gt at vou 

ea aevig ITH B.S ft Ont, 8 esauts PYIa0s wan a 


ial ish, ne, aT es &, rhea 


Pate My, ee 5-6 ae &e Be is) 
Ole G1 1k a7 ke on Soe oe ee ee 
thle ek _4 Ve. ck 
- W) W. A 
ee Vawiee es es k Be L 


a es 4 6 : 2 4 e282 
BtkSca = w a = pe -§ witf w,-§& w 
02, 02 as Kk “99 k Pe k (Eo ek oe eal da 


2 4 2 \ oe 
=§ -2€ w,+38 w,—-28 +3¢ +46 
oth aah Boy k B31 k rat neal een 


2 4 2 22 % 2 
g =¢ =) 6: Ww +3 (00) —3¢6 +6 W -9¢ w, A 
Jip ean Ae Bay k eat ae AL Temage 


2 2 2 2 
So rac ee ye 
2 ae eek ee Poe AL 


(S. 


(5. 


WIE 


(5 


(ee 


Wore 


(a 


fox 


(5. 


fe 


ior 


154 


48e) 


48f) 


482) 


-48h) 


48i) 


483) 


48k) 


481) 


48m) 


48n) 


480) 


aS Me = Soke) oe aly ye: 
(iae.2) ey, PP os MF.) a. one f ae ae E 
| er 


| 7 a tes 
(Be. 2) Wee ae. BAP cel 
aah Hit eae a 
t : a 
hit: 


1. Ge. 


(HH. 2) 


(qbc.c 


bea }S) 


(5.48p) 


09 
i} 
gQ> 


Similarly, a bicubic spline function can be fitted through a grid of 


M X N values C nee ye te ee of large-signal equivalent electronic 


capacitance 


Teed ene M,N 


tT where Cc, . is the value of the equivalent electronic 


3 


capacitance measured at CW radian frequency wa, and at large-signal 


RF voltage amplitude ue Oy goes eee 2 hee Vary merely Latel as Lec ane ee St als 


For instantaneous frequency w, and instantaneous amplitude A lying in 
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Lt? he non-CW electronic 


Capacitance is [79], KeyAL 


3 3 
ye De kineae a 
= Con eae A (5.49) 


The natural bicubic spline coefficients C have been rearranged to yield 


a new set of coefficients oa (wp Ay) which are functions of We and AL: 


The coefficients oar are related to the coefficients ore by equations 


similar to those in Eqn. (5.48). Equations (6.4/7) and (6.49) ean be 


combined to obtain the approximate non-CW electronic admittance in the 


t 
KL - subrectangle: 
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ee t : La a 
Vg GeW= Dy Dy Spy Grd tuc, Ger ALO A (5.50) 
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The active region of the experimental IMPATT diode displayed a capacitive 
susceptance above breakdown voltage at the operating frequency. 


as ; = = ! : ae 7 pa ; 
.. to hits) 4 ania: ha nick S05 it snntgn 3 


Sisotiseis Mists VDE fee ate 


y a © 
a. - : a5 ABI 19: tL. $92 
abnormal. nat sdb ee is piniay a3 et Le = =) . 


2 _ , 7 


— DF, A 


a ase i 5ecBO 
iangre-sxzel) Ih bag ‘Y rae woatauap ati nekbey WD $8 batwens " 39 Ibo eqs 


- 


a, 1 oi pink He =: (s .b= #)a0F i sushi 


imo 


2 


a 


[ 
oe etlov. 
ee 


nbogniyl A ahs lqms auoons Suntent boas’ ew yandopey 


i 
z ON iM 


si ro314 55.9 WO- nog: eid ee inl #4) kK Pr a ba 


pT Oe i-m a s : ‘i : —n a iw 
| Am (Pas Ge. ££ = 
CAA)! Ce Ne EO oS ee 


iti.) Ears ee 
La te 
i lhe a 4 
-: er ee ee 


‘ Ssqnevisa! masd saved _ Bin wit and ante ofduaid, ; 
ae ri 


Bolo shncasnel? ate aiodily Cather Bld esnstubiivos io 398 Wen 


7 
J 
| % 
silly soon 


ad seo (Pe. C) bea ‘S?.2).8 rok Ie pa ia igs ab sada c ‘o3 


es omy ry Ps. std 
a t ° Wo) _ be as 
gaivnl Sonpisiebs sineartssts NO>non “ona yan ch ric 


vt in 
" pe - 
i cre 4 rare 7 wath 


_ 


: ae 
1 


a 


netaitied> Sit of bo sptu #8 sa 200331 00 of 


<- 


156 


Inspection reveals that the non-CW approximate electronic 
admittance given by Eqn. (5.50) is of the same form as the CW admittance 
operator expressed in Eqn. (5.46); in the CW case (i.e., w=u, V=A,)> 
the coefficients in Eqn. (5.46) for P=Q=7 can be determined from the 
calculated coefficients in Eqn. (5.50). Equating coefficients for the 


CW case, with P=Q=7, we obtain 
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To find the b coefficients in Eqn. (5.43) from the known d coefficients 
we need additional relations : by expanding Eqn. (5.42), for the CW case 
with P=Q=7, we find 
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Using the natural bicubic spline coefficients obtained from measured 
electronic admittance data, together with Eqns. (5.43), (5.48), (5.51) 

and (5.52), the CW admittance operator (Eqn. 5.46), for the active region 
of the diode is determined. Then, since the amplitude A(t), phase $(t) 
and thus the complex amplitude V(t) of a non-CW excitation, given by 

Eqn. (5.34) are usually slowly varying compared with the microwave carrier 


frequency w, we can assume that the b coefficients calculated for the CW 
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case also apply to the non-CW case, Eqns. (5.39) and (5.40). The complex 


amplitude of the current response at the fundamental frequency exp(jut) 


becomes 
T(t) sae lathes esis) (52) 
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for instantaneous frequency w(t), and instantaneous amplitude V(t) | 

in the i abe eereneie (u,» Bae x (AA): Equation (5.53) is 

the operator notation used for the expansion in Eqn. (5.54). If the M 
frequencies, and the N - RF voltage levels used in the large-signal 
electronic admittance measurements are spaced closely enough to reveal 

all local extrema, the actual admittance is well-approximated by the 

fitted bicubic spline functions, and hence the fundamental current response 
Calculated from Eqn. (5.53) should be close to the actual response. Note 
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and L=1,2, ..., N.; care must be taken to ensure that the instantaneous 


frequency and amplitude of the response lies in the corresponding ogee 


subrectangle as the solution progresses. 


5.3 Numerical Quasistationary Distortion Analysis of an IMPATT Amplifier 
5-3-1 Equivalent Circuit of a Stable IMPATT Amplifier 

Figure 5.1(a) shows a typical circuit suitable for stable 
Perlection—type amplification using an IMPATT diode. Lt comprises & 
circulator to separate the input RF voltage wave he and output RF voltage 
wave vis a coupling network to establish the desired loading admittance 
Y,@), and the electronic admittance XY, Nhe of the diode. The passive 
Circuit admittance XY, @ seen by the active region of the diode, includes 
the inactive regions of the diode and the package parasitics. The coupling 
network is described by its voltage-current transmission matrix KL ABCD ], 
which is a function of the applied radian frequency w. The RF voltage 
across the diode is denoted by wae the current through the diode is 
designated by i: The net current into the coupling network, 3 and the 


voltage across the network terminals, v_, are 
2 


Loti] 1.(ti-2. (Co) Get) 
2 alt 16 


TI OA aS ere i, (t) : (5.06) 


The input and output ports of the amplifier are assumed to be matched to 
the transmission line characteristic admittance Yo" The simple equivalent 


circuit of Fig. 5.1(b) is used for our analysis of IM distortion. The RF 
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(a) 


(b) 


Figure 5.1 (a) IMPATT-diode reflection-type amplifier circuit. 
(b) Equivalent circuit used for quasistationary distortion 
analysis of a stable IMPATT amplifier. 
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current generator . is the Thevenin equivalent current generator 


for the input wave at the diode. 


The measured electronic admittance XY, (, Vi» in Fie. Bas 


for the experimental IMPATT diode is used in the analysis. The 
passive circuit admittance, XY), can also be measured, as will 
be explained, or can be approximated over a small bandwidth by a 
ee tuned circuit and impedance matching transformer as in 
Fig. 4.2. Either approach is suitable in the present analysis. 


The measurement of XY, (@) is based on a knowledge of the 


electronic impedance of the IMPATT diode biased below its breakdown 


voltage vee The electronic impedance ZW); Pot V<V 3 is 
independent of the embedding circuitry. The results in Fig. 3.8 
can thus be used here in conjunction with Eqn. (3.12) to determine 
ZW). The imput impedance 2.) seen at reference plane 2-2' 


in Hie. .5.1(a)s, when the network is loaded with Z is given by the 


bilinear transformation: 
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Si gO a 
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Actually, only three complex parameters are required to character- 


ize the two-port coupling network: division of Eqn. (5.57) by 


Z =1/Y , and normalization to the factor D results in 
e) fo) 


(ig eh &'D) a ZV) +b 


> x pete OE oa (5.58) 
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where 


a= A/Z D (S) (5.59a) 
py B/Z D (dimensionless) (5.59b) 
ec = C/D (S) (5.59c) 


are complex constants at fixed frequency w. Since reference 

planes 2-2' and 3-3' in Fig. 5.1(a) coincide with their correspond- 
ing reference planes in the admittance measurement system, Fig. 3.6, 
the transmission matrix K [abc] is identical to matrix K fa bic J 
representing the coaxial system and parasitics for a particular 

diode and particular tuning condition. Hence the procedure described 


in Sections 3.2.2 and 3.2.3 can be followed to extricate the coupling 


matrix K for the tuned amplifier at each measurement frequency. The 
measured admittance, Y(), seen by the diode when the network is 
terminated by a matched load Z, is then given by the inverse bilinear 


transformation: 
ZW) = = (5.60) 
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In general, the coupling network will be lossy. The 
relationship between the injected power, Pw measured at the input 
port of the amplifier, and the amplitude Le of the Thevenin 
equivalent current source in Fig. 5.1(b) can be found from analysis 
Destine cCircultein Fic. S-l({a). Usine Bans, 9(5.57))- and) ©. 60). 


the input admittance of the coupling network is 


Cra DY 
= eee seas 3 
ma AN se [Be ee) 
e 
and the circuit admittance seen by the diode is 
Gee AY | 
Va tee f (365) 
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The voltage transmission coefficient at reference plane 2-2' is 


given by 


< 
ho 
ae 


pee ge pO (5.64) 
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aI! in e) 
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Usine i) = VY vo in Eqn. (5.56), and substituting the result into 
e ee 


Eqn. (5.64) we have 


vy, = ———__ (At BY Dv, ' (5.63) 


Substituting Eqn. (6.62) into Eqn. (5.65), rearranging the terms, 


and utilizing Eqn. (5.63) we obtain 
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For an input signal Te V, cos wt; the injected power at 


the amplifier input is the maximum available power 


since the input port is matched to the circulator. From Eqn. (5.67), 


the input voltage amplitude becomes 

Ve lve) = v2Pee/e (5.68) 
i c Eo camete’ 

where Gy = Re {Y J. Now considering Fig. 5.1(b) we see that 

i = Ca + ve) Ve P (5269) 


Taking the magnitude of Eqn. (5.69), then substituting Eqns. (5.66) 


and (5.68) we derive 
peri | P76, . (5.70) 


Without loss of generality, the characteristic admittance Yo can be 


defined to be purely real. Equation (5.70) then becomes 
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where the normalized B coefficient b = B/DZ has been introduced. 
fe) 
Since the coupling network, in general, does not contain ferrite 


devices or active devices, the reciprocity condition 
2 
AD-BC= 2 DP a(a-be)e st (5/2) 
applies. Substituting the result DvZ. = I/V¥ a-be into Eqn. (5.71), 


the amplitude of the Thevenin current generator a = Pe cos wt can 


be written as 


Va-be 


I. = 
b+1 
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Vio) dale (Sind 3) 


in 


where K[Labc] is known at frequency w. 
Tf a two-tone input v, = V cos WE + V COS mts 
at 1 ] 2 2 
applied, the equivalent current generator becomes ts =O ie 2COs, nie ton eL 
it 1 Z. 


cos Ww t, where I and I are each given by Eqn. (5.73), and ee is 
io th zZ 


the input power at w andw _, respectively. 
1 Zz 


Instead of measuring Y,@), the circuit admittance can be 
approximated by a tuned eee circuit and impedance transformer as 
in Fig. 4.2. This simple equivalent circuit is applicable over a 
limited frequency range of specific interest, say the amplifier 3-dB 
passband. The circuit admittance is then expressed by Eqn. Ca V5')< 
The parameters Ga Lis Ge are evaluated as outlined in Section 4.3.6. 
The amplitude Hi = Bie Ce can be determined from Eqn. (5.70) by 


deriving the following parameters for the lumped-element coupling 
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5.3.2 Intermodulation Distortion Analysis of an IMPATT Amplifier 
by Numerical Solution of the Amplifier's Nonlinear Differential 
Equation 
In this analysis we treat intermodulation distortion for the 
case of an input of two unmodulated signals of equal amplitude at 
incommensurable frequencies w andw ,w = w=, applied to an IMPATT 
il 2 2 


il 


amplifier. The injected two-tone current signal is 


i (tf) = I cos © t +1 cos we : (5.72) 
8 1 2 


Using complex exponential functions Eqn. (5.74) becomes 


ee) = 5 exp (Jue) + exp (-ju,t)| exp (jw t) + CG (5.75) 
where 
(ie Ci te we 2 (5.76) 
Oo 1 2. 
and 
ey =) to =, 2 (5.77) 
d y 1 


are the carrier frequency and difference frequency, respectively, 


and where CC represents the complex conjugate terms. 


The circuit Q is assumed to be sufficiently high that the 
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eireuLt admittance Yo) is infinite for all harmonics except 

the fundamental. Higher -order harmonic current flow is assumed 

to be unimpeded, but only the fundamental component of the diode 
current, ive. the current in the zone w inw , = Wo? is assumed to 
affect the voltage of response. Thus, the voltage response for the 


network of Fig. 5.1(b) is expressed as 

WCE) = A(t) cos (wot +) Ct) ) rs Gomhes) 
Using complex exponential functions, we can write 

v, (t) = Re{V(t)exp (jw t) } = = V(t)exp(jw,t) + CC (31:7 91) 
where 

V(t) = A(t) exp Go(t)) (5.80) 


is the complex RF voltage amplitude. Input level varies with the 
angular frequency 2W 4 eel Hence, the RF voltage amplitude, 
A(t), of the active device changes with the fundamental period 

T/W 4° Delay time exists between the variation of the input level 

and the RF voltage amplitude. This delay time, causing the arbitrary 
phase shift $(t) with respect to the driving signal, is usually very 
small since Wa is normally much less than the operating bandwidth 

of the amplifier. For W SSG» the amplitude A(t) and phase 9(t) of 


V(t) vary very slowly in comparison with the carrier frequency Wo? 


and with the response time of the network: (dA/dt)<<w A(t) and 
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(do/dt)<<w . The principle of quasistationarity —V(t) is 
essentially constant during one RF cycle— can thus be employed 
Lorcalenlate V(r). 

The technique is to write the Kirchhoff nodal equation 
for the network of Fig. 5.1(b) and obtain the steady-state 


fundamental voltage response V(t). The Kirchhoff equation is 


simply 
Le = 1¥,) at Y,@, v.) ve) : (3. 81) 


We now approximate the right hand side of Eqn. (5.81) by using 

the measured non-CW admittance operators derived in the preceding 
section. Since the effect of the complex conjugate terms in Eqn. 
(5.79) has already been included in the passive dene admittance 
operator, Eqn. (5.33), and in the active circuit admittance operator, 
Eqn. (5.54), only the components at exp (jw t) need be operated on to 
determine the complete response. In operator notation, Eqn. (5.81) 


becomes 


I it 1 
i iE; ea erie egy 5 
5 exp(jw,t)t+ > exp( Te) es alae {V(t)} 


e 5 Y [iw VI, (v(e)) (5.82) 


with exp(jw t) understood as a common multiplier. The admittance 
fe) 
operators must be chosen so that the frequency w(=0,)5 and the steady 
oats th 
state amplitude A(t) lie in the correct KL ~- measurement 
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tight hand side of Han. (5.82) since we seek the cosine solution. 
expressed in Eqn. (5.79) (compare with Eqn. (5.35)). Substituting 


Hans’. (9.33) and (5.54) into Ban. (5.82) gives 


3 
2 
ni exp (ju jt)+ is exp (~jw,t) = DCD" -5458,) Gugta/at) ss Vito 


=|()) K 
7 
. } . re V(t)V*(t)+b v Si y> a 
= veh etO aagiede Ups C D, 0,4 (t)V (t)4b, oo 6 (2)V* (4) 
p=0 
e (ju ta/dt)? {v(t)} 
KL 
: ' 
E » Bat ee ee ec a 
p=0 


o(-jujtd/de)? | {va(r)}. (5.83) 
KL 


The steady-state nonlinear voltage response of the amplifier to the 
two-tone input signal will be beat signals at various sum and 


difference frequencies w tw , 2w is 2w tw , etc.. Only the odd-order 
iL) 2 1 Z 1 


IM products will lie in the amplifier passband for the case ais 
vas 


Let us assume that V(t) can be expressed as a finite Fourier series 


of the form 


+7 
MC > Vv exp (jnw,t) (5.84) 


aS 
n odd 


where V is the complex amplitude of the component at nw For small 
n 


distortion, only odd-order IM products up to and including the seventh- 


order are considered; higher-order products will be negligible. 
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Then, the output voltage v(t) = Re {V(t) exp (jw t)} will consist 


Of : 1) the fundamental components Ww and a for n = -l and 
1 


n= +1, respectively; 2) the third-order IM products ee and 
op Ae for 1 = -3 and n = +3, réspectively; 3) the fifth-order 
IM products nee for mn = -5 and n = +5, 
respectively; 4) the seventh-order IM products aa and 

ee ez for n = -7 and n = +7, respectively. The assumed basic 
frequency solution, Eqn. (5.84), is in a form that can be operated 
on conveniently in Eqn. (5.83). 


The ££ aertor (ju ta/dt)? in Eqn. (5.83) can be expanded using 


the differential operator D=d/dt to give 
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0 
(jo 4D) = 1 (5.85a) 
O 1 
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jor ares 5.86b 
(ju 5*D) jw td ( ) 
; os 5.85c) 
(jw 4D) = (D -wo) + j 2u Dd (5.85 
: ; j vets (cod) 
(jw,*D) = (D ~3w D) + jw Dd -w,? : 
4 u 2 2 4 3 3 
5 any = ; D -—4w: D (5-85e) 
(jw,+D) (D 6w D tw) + j 4, WD, ) 
5 5) yn 8 4 4 on 2 5 ; 
(jo *D) = (D ~10w Dd +5w D)+5 (Sw D -10w Dd tw) (recess) 
6 6 2 4 4 2 6 5) 3 3) 5 
(jw +d) = (D -15w D +15w D =u J+) Cow D -20w D +6w D) (5.85¢) 
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7 i 2a 4 3 6 
(ju +D) = (D -2lw D +35w D -7w D) 
fe) fe) fe) fe) 
6 3) 4 ay we If 
+4 - = = . 
jw dD 350 ,D 21w D oe) ‘ (5. 85h) 
Similarly, one can derive 


(-ju,+D)?P = (ju +D)P° : (5.86) 


Zz 
We will only include the constant terms, and the terms in D and D , 
in the analysis since the response V(t) is slowly varying. 


Substituting Eqns. (5.84) - (5.86) into Eqn. (5.83) and performing 


the differentiations results in 


3 
if exp (jw t)t+ A exp (-ju,t) = ) en™e,-su,s)[X, (eHiY, Ce) 
m=O 
= * 
Ok, i ae ice) ]} 
p=0 
* ‘ 
: is aye Tf 
+3 fy ctb, | tu Cbyscote, tw, ce} (5.87) 
p=0 
where 
X(t) = V(t) -) ov, exp (jnw ,t) Soca) 
x (t= (e) = jy nw exp (jnw ,t) (5.88b) 
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U (t) =b V(t)V (t)-+b 
P py 0c2 


> > 


2 2 &) *3 
iY (t)V (t)+b Vs (£) Viet) (5.90) 


ideas P»5V, 


z 3 
pact b V (t)+b V (OY Gab i Vow () (5.91) 


> 3 b] > Ps ») 


and where all summations in Eqns. (5.88) and (5.89) are from n=-7 


to n=+7 with n odd. Equation(5.87) can then be rearranged into the 


form 
3 7 
ae a4 ; ; 
DCP By S¥ 81K, COHY, (71 ERC ROL ae 
m=0 p=0 
. . * 
= I exp (jw t)+I exp Joye) ~ VIX, (OU, CORT CEDW, (1 
p=0 
‘ * 
SIE (ow, ¥(eoW, (tJ (5.92) 
p=0 
where b = 0 from Eqn. (5.52). 


P,2,0 


A numerical iteration procedure is used to calculate the 
complex coefficients vA ins Eqn. (5.64)s satistyine Equi. (5.92). 
Inspection of Eqn. (5.92) reveals that the left hand side contains 
only linear terms, while the summation terms on the right hand side 
include all the nonlinear terms which arise from Eqns. (5.90) and 


(5.91). In the iteration procedure the linearized equation 
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is first solved to obtain an initial estimate of the solution. 


Substitution of Eqns. (5.84) and (5.88)-(5.91) into Eon (5.93) 


gives 
at 
DS Bn exp (jnw ,t) = I exp (jw ,t) qe i exp (-jw,t) 
n=- 
n odd 
where 
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Since Eqn. (5.94) must be true for any time t, we can use the 

th : ‘ 
principle of harmonic balance: an n order approximate solution 
is obtained if n harmonics of the basic frequency are adjusted 


to satisfy all terms at their respective frequencies. 


(5.94) 


(3595) 
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The initial solution is 


Vo =F 

; ae (5.96a) 
V =I 

ex ae (5.96b) 
ie =O; n=- 7, -5, -3, +3, +5, +7 r (5 .96c) 


These initial values are substituted into the right hand side of the 


nonlinear Eqn. (5.92) to give 


“7 
> 8 ,V exp (inw jt) = I exp (jw,t) se ds exp (—jw,t) - Ss Y ;exP (jnw,t) 


=-7 nS 
n odd 
n odd (5097) 
where the complex coefficients Y, are functions of the current 
estimate ve obtained by the indicated multiplications of the 
exponential series. Equation (5.97) can then be solved to obtain 
the next estimate to the solution Ves and so on: 
Nig anh fe. 7 9) 8 (5.98a) 
i 1 1 
WO Eb ys (5.98b) 
a) wil al 
Vier =e yl) Cis th= — sig Oe Ogu os at Oy ty, ; (5.98c) 
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relaxed as the iteration procedure continues. The solution will 
converge for small distortion for which the nonlinear coefficients 
its are much smaller than the linear coefficients B: Care must 
be taken to ensure that the frequencies oe = 704 and the steady- 
State RF voltage amplitude vce) | lie in the ees solution grid 
@,, Dey? X @ AnD where the admittance operators apply. 

The IM distortion products ae and roe are calculated 
using Eqns. (2.2) and (2.3), respectively; ae is calculated 
similarly. The output voltage for the model using the measured 


XY), Fig. 5.1(4), is given by 
v(t) = ae - v, (t) ; (5.99) 


If the amplifier has sufficient gain, in the order of 20 dB, then 


v(t) >> v,(t), and 
v(t) = ey 5 (sie 100) 


Since the definition of IM distortion in Eqns. (2-2) and (2.3) 4s 

the ratio of distortion power to fundamental power at the output port, 
and since the distortion products and fundamental frequencies 

a ~ w will undergo approximately the same attenuation through network 
K, then IM , Sey and ae will be the same ratio at the active region 


th 
of the diode, Pie. 5.1(b), as at the output port.” Them = order IM 


distortion can be written as 


ae v/v 5.101 
IM, (dB) = 20 log \v_/ a ( ) 
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where n>Q gives the upper IM products and n<O gives the lower IM 
products. To determine actual distortion power at the output, 
the losses of network K must be taken into consideration. 
Intermodulation distortion calculated using the G LS. 
tuned-circuit model, Fig. 4.2, can be treated more directly. 


In this case, the output voltage is expressed as 
et) (b= ve) (50102) 


where any circuit losses are implicitly present in the selection 

of Ga3 i.e., the model's parameters are chosen to match the predicted 

gain at the output port with the gain measured at the same port. The 

amplitude of the fundamental component of the voltage response 

VEL als | V -V.| for w and|V - V.| for w , where V, is given by 
r = il i 1 i A 2 L 

v2 P, W/E: The distortion products in vot) are exactly those in 


v(t). Hence, the Ate order IM distortion is 
= NV Sy he) 
IM (dB) = 20 log EO VI ( 3) 


where n>0 gives the upper IM products and n<0 gives the lower IM 
products. For amplifiers with sufficient gain, the approximation 
in Eqn. (5.101) can be used. The power at the fundamental frequency 


is 


2 
3 z ,10 
ay 10 log {lv vai G /2} (5,104) 
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The power at the distortion products can be calculated by 


means of Eqns.’ (5.103) and (5.104). 


5.3.3 Computed IMPATT-Amplifier Distortion 
Large numbers are generated in Eqn. (5.97) at microwave 
frequencies because of the terms ce 0 V(t) 6éte.. To avoid 
floating-point overflow problems in solving Eqn. (5.97), 
the equation was first normalized: Wy was replaced by w (20 x ee 
=f x Aire ve was replaced by V (103 I was replaced by 1/10. The 
passive- and active circuit CW admittance data was scaled to these 
normalized variables. The cubic spline coefficients for the passive 
circuit admittance operator, and bicubic spline coefficients for the 
active circuit admittance operator were determined by curve fitting this 
scaled data. The iteration procedure for solving Eqn. (5.97) was 
‘stopped when successive estimates of V_ for n = +l, +3, +5, +7 
differed by less than about Iv | x 10° , 
Intermodulation distortion was computed for both the 
measured circuit admittance Y.(), shown in Fig. 5.2, and for the 
Cee tuned-circuit model. 
The measured circuit admittance is estimated to involve an 
error of 10-20%. This error estimate is the same as for the 
electronic admittance, because the same procedure was followed in 
both measurements to determine the two-port networks a and ES 
defined in Fig. 3.6. In the circulator-coupled amplifier configuration, 
it is assumed that a matched load is presented at reference plane 
2-2'; Eqn. (5.61) can then be used to calculate Y,()- This 


assumption introduces little error since the VSWR of the waveguide 


circulator is less than 1.16 over the amplifier bandwidth. The 
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Figure 5.2 Measured circuit admittance presented to the active region of 
the IMPATT diode in the experimental IMPATT amplifier. The 
measured small-signal electronic admittance (negative) of the 
IMPATT diode (laa = 25 mA) is also shown. 
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measured circuit admittance is the admittance seen by the active 
region of the IMPATT diode. Amplifier gain, calculated using 

Eqn. (2.6), is the gain predicted at the terminals of the IMPATT- 
diode electronic admittance. This gain can be transformed to the 
output port, where the gain was measured, through a knowledge of 

the transmission parameters of lossy two-port network K in Fig. 5.1l(a). 
The measured and predicted small-signal gain response at the output 
port are compared in Fie. 5.3. It can be seen that: 1) ‘the 
predicted gain peaks at 19.8 dB whereas the measured gain peaks at 
17.3 dB (14% difference); 2) the predicted centre frequency is 
5.930 GHz, while the actual centre frequency occurs at 5.905 GHz 
(0.4% difference); and 3) the predicted 3-dB bandwidth is 24 MHz 

as compared to the actual bandwidth of 64 MHz (63% difference). 
These discrepancies appear, at first, to warrant a higher error 
estimate for the measurement of Y, (4). However, a 4% increase in 
Go), to decrease the maximum gain, and a 4% decrease in B(), 

to lower the centre frequency, has a much larger effect on the predicted 
fain, as) iliustratedwin Big. 5.53: @the ditierence ingeaingis reduced 
to 3%; the difference in centre frequency is reduced to 0.2%; and 
the difference in 3-dB bandwidth is reduced to 3%. The 10-20% error 
estimate for Y, @) is therefore reasonable. 

Figure 5.3 also shows double the insertion loss of network K 
(calculation of gain at the output involves incident- and reflected 
signal transmission through network K). The power gain at the 
output port is about 3.8-dB less than the power gain at the active 


region of the diode. The 1.9-dB insertion loss of network K is 
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attributable collectively to the waveguide-to-coaxial transition 
(0.3 dB), several coaxial adapters (0.4 dB), the bias tee 

(0.2 dB), cavity losses, small impedance-transformer mismatches 
and package parasitics (1 dB). 

The tuned amplifier is an undercoupled double-tuned circuit 
because the measured gain curve shows only a single peak which is 
lower than the maximum gain which could be achieved experimentally 
through double-tuning. The two resonances near the centre frequency 
are observed in the measured Y.@) locus. Nevertheless, these 
resonance loops can be approximated by a cubic spline interpolation 
of G.(@) and Bw), which are single-valued continuous functions 
of w. 

The computed two-tone Sa ie MHz) IM distortion for the 
model using the measured circuit admittance is shown in Figs. 5.4 
and 5.5. The predicted third-order IM distortion is about 10 dB 
higher than the measured IM distortion because the model's gain is 
higher than the actual gain. The calculated IM distortion is 
maximum at 5.920 GHz in comparison with 5.905 GHz for the measured 
distortion. Again, this discrepancy is due to the small error in 
the measurement of Y,@) and Y, (Veg): 

The gain and phase response of the GUC. tuned-circuit 
model are plotted in Figs. 5.6 and 5.7/7, respectively. The values 
of eRe L. and Cc. were obtained by fitting the gain expressed in 
Eqn. (2.6), where Y() is given by Eqn. (4.15) and YX, () is the 
measured small-signal electronic admittance, to the measured 


small-signal gain curve. The circuit parameter values are: 
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Figure 5.4 Comparison of measured and predicted IM distortion, using 
quasistationary distortion analysis for the experimental 
IMPATT amplifier Guie = 25 mA) with a two-tone input (f,=5.905 
GHz, £,=5.906 GHz) at the centre frequency. The measured cir- 
cuit admittance is used in the analysis. 
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Figure 5.5 Comparison of measured and predicted frequency-dependence of 
third-order IM distortion at 2f,-f,, using quasistationary 
distortion analysis, for the experimental IMPATT amplifier 
(laa 20 mA) with a two-tone input (f» = poral MHz). The 
measured circuit admittance is used in the analysis. 
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oe Solo) lL mS. Le = 0.8876 nH, and C = 0.6557 pF. The measured 
and predicted gain response agree quite closely for input levels 
up to -10 dBm. The phase responses do not agree as closely, 
since the undercoupled double-tuned circuit is approximated by a 
single-tuned circuit; however, the phase difference is less than 
20° over the amplifier bandwidth. 

The two-tone IM distortion computed using the GL. 
model is plotted in Figs. 5.8 to 5.11. Predicted gain compression 
is shown in Fig. 5.12. Intermodulation distortion calculated by 
means of Eqn. (5.103) was found to be less than 2 dB higher than 
that calculated using the approximate relationship in Eqn. (5.101). 
Upper IM distortion differed from the plotted lower IM distortion 
by less than 2 dB. The results in Figs. 5.8 to 5.12 show the same 
behaviour as a function of frequency and input level as the results 
of theVolterra series distortion analysis. Consequently, the 
discussion in Sec. 4.3.6 also applies here. In fact, the same 
third-order intercept point (11.5 dBm) is obtained by the two 
methods. A more detailed comparison of the results of these two 
different methods with experimental measurements appears in 
Chapter 6. 

This quasistationary nonlinear distortion study is applicable 
up to input levels of -13 dBm per tone, at which the model's gain 
response begins to deviate appreciably from the measured gain response. 
At -13-dBm input level, the computing time also becomes excessive 
due to the slower convergence of the iteration procedure. At an input 


level of -43 dBm per tone, only 3 iterations were needed; while at -13 
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Figure 5.8 Comparison of measured and predicted IM distortion, using 
quasistationary distortion analysis of the amplifier tuned- 
circuit model, for the experimental IMPATT amplifier 
(hi iar mA) with a two-tone input (f,=5.905 GHz, £,=5.906 GHz) 
at the centre frequency. 
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Figure 5.9 Comparison of measured and predicted fundamental output power 


and IM distortion products, using quasistationary distortion 
analysis of the amplifier tuned-circuit model, for the experi- 
mental IMPATT amplifier (Lg=25 mA) with a two-tone input 
(£52905 GHz, £,=5.906 GHz) at the centre frequency. 
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Figure 5.10 Comparison of measured and predicted frequency—dependence 
of third-order IM distortion at 2f)-f,, using quasistationary 
distortion analysis of the amplifier tuned-circuit model, 
for the experimental IMPATT amplifier (Iq, = 25 mA) with 


a two-tone input = . + 1 MHz). 
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Figure 5.11 Comparison of measured and predicted frequency-dependence 
of fifth-order IM distortion at 3f,-2f,, using quasista- 
tionary distortion analysis of the amplifier tuned- 
circuit model, for the experimental IMPATT amplifier 
(OR ae) mA) with a two-tone input (f. = - + 1 MHz). 
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Fieure 5.12 Predicted gain compression/expansion, using quasistationary 
distortion analysis of the amplifier tuned-circuit model, for 
the experimental IMPATT amplifier at 25-mAdc bias current. 
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dBm per tone, 40 iterations were usually required to reach the solution 


OF Bqn. G.97). 


5.4 Reduction of IMPATT-Amplifier Distortion by Feedforward Correction 
Consider the equivalent circuit of the feedforward-corrected 
amplifier shown in Fig. 4.11. A simple analysis of the reduction of 
IMPATT-amplifier distortion in the feedforward system can be undertaken 
by assuming all the circuitry external to the nonlinear IMPATT amplifier 


to be linear. Let the input signal be 
x(€)-=_V. cos .w.t + V cos @yt a. 105)) 
1 1 2 iz. 


where Ole and w are incommensurable frequencies in the passband of 
2 
the IMPATT amplifier, and w =w. Let the IMPATT-amplifier produce 
WW 
7 r Sw he , 
distortion V1 = v 4 ft)s its output is then 


6 ee | H| x (tty ) + yi-k? v(t) (5.106) 


where 


x (t) =YI-k CEO (5.107) 


1 


| H| is the IMPATT-amplifier gain, and ty is its group delay at 
u 
frequency w . Assume that the error-detection loop is balanced so 
1 


that the error signal e(t) consists only of the distortion produced 


by the IMPATT amplifier; i.e., 
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i) = = k vf1-k2 t 
e(t) ome a : v 46 ) (5.108) 


If the error amplifier is operating in its small-signal linear 
region it contributes negligible distortion. Thus, the feedforward 


amplifier output signal is 


y(t) BAIS Nike y, (tat) + k JA le(t-ty ) (5.109) 
Zz 


where lA. | is the error amplifier gain, and t, is the group delay of the 


Z 
error amplifier at frequency one Substituting Eqns. (5.106)-(5.108) 


into (5.109) yields 


y(t) eyiew Vi-K? Vek [lH] x(t-at —t, Jtvg(t-at) J 
1 


2 eae s 
Uk ke. Ink JA, Ive ay (5.110) 


Precise balance of the error-correction loop exists when 
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la, | 
a — a 7 ee (Sig tS) 
[ie able kee 
2 3 2s AS 
and a small phase imbalance 
Ce Stee Fue ‘ (5.114) 


We can write Eqn. (5.110) in the form 
y(t) = Vir? ii? 1-2 [|x (e-a “tg, dtvg (tht oa vy(t-at -3.)] : 
(ao LS) 
ibs v4 ft) is third-order IM distortion, i.e., 
v4 ot) = ye cos COC ~ Ao) (Cyee GD) 


where 3w - 2w 2 w , then the magnitude of distortion in the output, 
Zz i 1 


from vector analysis of Eqn. (5.115), is 


2 L. 
t = 1-k? af1-k? 1k? v [lta -20 cos 6 2 : Catlin) 
Yq ) 1 2 3 3 L 2 Hi 


Usine Eqns. (5.115) and (5.117) in @-2), the third-order distortion 


for the feedforward-corrected amplifier at frequency ue is 
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. 1, 
V [1 +a-2a cos 6 ]? 
Z z 


IM. op (dB) = 20 log (Oo. L187 
|H| v 
1 
The third-order distortion for the uncorrected IMPATT amplifier, 
Exom Eqns. (5.106), (5.107) and (5.116) is 
V 
iM (by = 20 io ; (5.119) 
3 HV 


Combining Eqns. (5.118) and (5.119), the improvement in IM distortion 


is given by 
2 iL 
Pe as) =9 20% log [les a, - 2a, cos oes ' (5.120) 


For small amplitude- and phase imbalances, Eqn. (5.120) can be 


approximated by 
Ps EN 
[IM,__-IM,](dB) = 20 log [(l-a ) +a 6 ]° (outa) 
3FF 3 2 22 


which is the same result as Eqn. (4.90) derived from a more rigorous 


Volterra series analysis, and plotted in Figs. 4.17 and 4.18. 


5.5 Summary 

A technique for the prediction of two-tone IM distortion in 
a two-terminal negative-resistance reflection amplifier is developed. 
The technique is based on the analysis of a nonlinear amplifier model 


comprising admittance operators which represent the nonlinear active 
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diode admittance and the linear passiye circuit admittance. These 
operators are fitted to the model by cubic-spline approximation of 
the respective experimentally-determined admittances. For an 
equal-level two-tone input, the admittance operators operate on the 
corresponding quasistationary input signal; i.e. the two-tone 
input can be considered as an RF carrier signal with LF-AM modulation 
superimposed. After these operations are carried out, the result is 
a nonlinear differential equation which approximately describes the 
response of the reflection amplifier to a two-tone input. The 
equation can be solved iteratively, directly in the frequency domain, 
for the steady-state amplitudes of the nonlinear distortion products. 
This method was applied to a stable IMPATT-diode amplifier. 
The predicted third-order IM distortion agrees quite closely (within 
3 dB) with the distortion predicted using Volterra series analysis 
(Chapter 4) in the range of validity of the Volterra series model 
(-23 dBm per tone maximum). This technique is slow-running, however, 
compared to the Volterra series approach because of the number of 
multiplications of complex exponential series necessary for reasonable 


accuracy in the iteration procedure. 
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The reduction in nonlinear distortion by feedforward-correction 


is calculated using simple network analysis of the linear feedforward 


circuitry external to the main (IMPATT) amplifier. The resulting 


expression is identical to the expression derived using Volterra series 


analysis. 
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CHAPTER 6 


EXPERIMENTAL STUDY OF IMPATT-AMPLIFIER 

DISTORTION AND OF FEEDFORWARD-CORRECTED DISTORTION 
6.1 Scope of the Experimental Study 

This chapter describes an experimental study of IMPATT-amplifier 
distortion and of the reduction of this distortion by feedforward correc- 
tion. An experimental 6-GHz feedforward amplifier was designed and con- 
structed in a waveguide transmission medium; the main amplifier is a 
coaxial stable IMPATT amplifier; the error amplifier is a low-noise TWT 
amplifier. 

The experimental investigation includes the following measurements. 

1) The gain response, phase response, and gain compression of the 
experimental IMPATT amplifier are measured as a function of both frequency 
and input power. 

2) The intermodulation (IM) distortion of the IMPATT amplifier alone 
(i.e., with the feedforward circuit switched "off'") is measured as a function 
of both frequency and input power. Spectrum signature data is measured for 
a two-tone test signal to obtain the IM distortion. 

3) The two-tone IM distortion of the IMPATT amplifier with feedforward- 
correction applied (i.e., with the feedforward circuit switched "on") is 
measured as a function of both frequency and input power. 

4) The two-tone IM distortion of the IMPATT amplifier with feedforward 
correction applied is measured as a function of small gain- and/or phase 
imbalances in the error-correction loop. 

5) The gain sensitivity of the feedforward-corrected IMPATT amplifier 


is measured. 


The experimental data is compared with the predicted IM distortion 
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to validate the two nonlinear models for the IMPATT amplifier and the 
feedforward-corrected amplifier, and to verify the two theoretical IM 
distortion analysis techniques: 1) the Volterra series approach; 2) the 
numerical quasistationary analysis based on nonlinear admittance opera- 
tors. Gain compression is also measured to provide further validation of 
the above theoretical analyses. 

The design of the experimental IMPATT amplifier is discussed in 
Sec. 6.2. The experimental feedforward-corrected IMPATT amplifier is de- 
scribed in Sec. 6.3. Section 6.4 includes the experimental test bench and 
the two-tone method of IM distortion measurement. The experimental dis- 
tortion results are presented in Secs. 6.5 and 6.6 and compared with 


the theoretical results predicted in Chapters 4 and 5. 


6.2 The Experimental Stable IMPATT Amplifier 

The diode mount, impedance-transforming elements and tuning 
resonators are realized in precision 14-mm coaxial air line as illustrated 
in Fig. 6.1. The diode resonator is a short length of series transmission 
line which acts as a lumped inductance to tune out the diode- and package 
capacitive susceptance at the centre frequency 5.905 GHz. The tuning re- 
sonator, another series section of line, has the same centre frequency in 
principle, but a different reactance slope with frequency in order to 
increase the amplifier bandwidth. The experimental IMPATT diode is a 100-mW 
Silicon diode, type HP 5082-0431, in an S-4 package (pill with one prong). 
The diode is biased at 117 Vdc and 25 mAdc via a bias tee. The IMPATT am- 
plifier is tuned to provide 17.3-dB small-signal gain at centre frequency 
5.905 GHz with a 3-dB bandwidth of 64 MHz, using two coaxial tuning slugs. 
Two slugs are used in the experimental amplifier since the value of peak 


gain and its frequency can then be varied somewhat independently in con- 
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trast with a single-tuned amplifier. The slug closest to the diode is 
1.250 cm long Oe/4 at 6 GHz) with an inner diameter of 0.66 cm, corres— 
ponding to a characteristic impedance of about 4 2; the second slug is 
also 1.250 cm long with an inner diameter of 0.937 cm, corresponding to 
a characteristic impedance of about 25 2. The closest face of the first 
Slug is located 0.14 cm from the diode flange, while the equivalent dimen- 
Sion for the second slug is 3.32 cm. A Teflon support for the coaxial centre 
conductor is 0.43 ecm or 0.085 Ag thick at the centre frequency; it also has 
some impedance-transforming effect. A four-port waveguide circulator is 
used to separate the incident- and reflected signals at port 2 of the circu- 
lator; isolation of the IMPATT-amplifier output (port 3) from the input 
(port 1) is achieved by match-terminating port 4. 

Under the above tuning conditions,curves of gain versus CW frequency 
were measured at input power levels of -30, -20, -10, -7, -3 and O dBm. 
No spurious oscillations were observed over this input range.Gain was measured 
relative to a 0-dB reference obtained by replacing the amplifier assembly 
with a waveguide short-circuit at reference plane 2-2' in Fig. 3.6 (i.e., 
at port 2 of the waveguide circulator). All the theoretical results for 
IMPATT-amplifier performance in Chapters 4 and 5 are referred to this 
reference plane. Figure 6.2 displays the measured gain behaviour of the 
IMPATT amplifier, with an experimental error of +0.1 dB. Absence of gain 
ripple in the small-signal response, together with the fact that the ampli- 
fier was not tuned for maximum experimental gain, indicates that the double- 
tuned circuit is undercoupled. As the input level increases, the resonant 
frequency is lowered, the gain decreases, and the 3-dB bandwidth widens 
although the gain response becomes more asymmetrical. Values for the 


parameters in the tuned GLC, circuit model of the IMPATT amplifier, 
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Fig. 4.2, were derived by matching the model's gain with the measured 
gain. A comparison of these responses appears in Fig. 4.3, for the Vol- 
terra series approach to predicting IMPATT-amplifier distortion, and in 
Fig. 5.6, for the quasistationary approach. Agreement of the predicted 

and measured gain over the amplifier bandwidth is seen to be good in 

both cases, at input levels up to -10 dBm. The gain predicted using the 
measured circuit admittance, Fig. 5.2, does not compare as favourably with 
the measured gain in Fig. 5.3, because of the 10-20% error in the measure- 
ment of the circuit admittance and the electronic admittance of the IMPATT 
diode. 

Figure 6.3 presents information about the saturation and dynamic- 
range properties of the IMPATT amplifier at several different frequencies 
in the amplifier passband. Gain expansion over a limited input range at 
frequencies below the centre frequency is clearly evident; gain compres- 
sion at frequencies above the centre frequency is also observed. The 
input level at which departure occurs from small-signal operation, and 
hence gain compression or expansion, is highly dependent on frequency. 
This is due to the narrowband nature of the experimental IMPATT amplifier. 
Gain compression or expansion is shown distinctly in Fig. 6.4. The 
estimated error for this measurement is +0.2 dB. An interesting feature 
shown by these curves is the gain linearization that can be obtained 
by operating below the small-signal resonant frequency of the IMPATT am- 
plifier. The input levels for 1-dB compression are listed in Fig. 6.4. 
This gain linearization is achieved by a partial compensation of the gain 
reduction, under large-signal operation, for the gain expansion due to 
lowering of the resonant frequency. 


The phase shift of the IMPATT amplifier was measured by balancing 
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Figure 6.3 Measured saturation characteristics of the experimental IMPATT 


amplifier at constant 25-mAdc bias current. 
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the amplifier output against an attenuated and phase-shifted version of 
the amplifier input, in a waveguide bridge circuit utilizing a hybrid tee 
as the signal-combining element. The bridge is calibrated by balancing it 
with a waveguide short-circuit connected at port 2 of the amplifier cir- 
culator. The amplifier phase shift is then the excess phase shift, intro- 
duced by a precision phase-shifter, necessary to achieve a bridge null 
when the amplifier is connected at port 2 of the circulator. The measured 
phase shift is compared with the phase shift of the GEC, tuned-circuit 
model in Fig. 4.4 for the Volterra series method to predict IM distortion, 
and in Fig. 5.7 for the quasistationary distortion analysis. As mentioned 
previously, the deviation in the predicted and measured phase shift, is 

a consequence of approximating the undercoupled double-tuned amplifier 
circuit by a single-tuned circuit. In addition there is an experimental 
error of +5° associated with the phase shift measurement. 

The group delay of the IMPATT amplifier was determined using the 
principle stated by Nyquist and Brand [98]. Essentially, the delay varia- 
tions of the network under test are converted into variations in the phase 
shift of an LF sinusoidal modulation signal. The conventional method 
consists of first amplitude-modulating a CW signal, transmitting it 
through the test device, and then measuring the phase shift of the envelope. 
The group delay of the test device at the CW frequency is directly propor- 
tional to the envelope phase shift [99]. The group delay of the IMPATT 


amplifier is 10 ns + 1 ns at the centre frequency. 


6.3 The Experimental Feedforward-Corrected IMPATT Amplifier 
The experimental IMPATT-amplifier with feedforward-correction 


applied is shown in the schematic diagram of Fig. 6.5. All the feedforward 
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network components are realized in WR-137 waveguide because of the wide 
choice of components which were available. Notes on the choice of com- 
ponents are listed. 

1) A low-noise (10-dB NF maximum) TWT, type Watkins-Johnson 
WJ-463, is used as the error amplifier. It has 43-dB gain for small signals 
(less than -30 dBm) and 1-dB compression occurs at an input power of 
-34 dBm. The error-detection loop has to be balanced sufficiently such that 
error signals are in this order of magnitude; the error amplifier then 
adds negligible distortion to the amplified error signal. Also, because the 
TWI is broadband (4 to 8 GHz), operation over the narrow band of applied 
signals is nearly linear. The TWT group delay was measured as approximately 
I5nse. ions at 5.905 GHZ: 

2) The required delay lines are 20-30 ns long, allowing for addi- 
tional waveguide circuity. High attenuation loss (about 1 dB/m at 6 GHz) 
prohibited the use of 50-2 coaxial cable; therefore, WR-137 waveguide, 
having attenuation loss less than 0.1 dB/m, was chosen for the delay lines. 
The physical length of the delay lines (group delay 4.8 ns/m at 6 GHz) 
is adjusted by means of a variable short-circuit connected at port 2 of a 
circulator; the signal enters port 1 and leaves port 3 with adjustable 
delay. Precision phase shifters are used to make fine adjustments to delay- 
line electrical length. 

3) A 3-dB directional coupler is used as the input signal divider. 

4) A hybrid tee is used as the signal-comparator, with the error 
signal appearing at the E-plane arm. Slide-screw tuners are used to reduce 
the VSWR at the input ports of the hybrid tee from 1.29 to 1.10 over a 
100-MHz bandwidth at 5.905 GHz. 

5) Precision attenuators are used for balancing the amplitudes 


of the signals in both the error-detection loop and the error-correction 
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loop. 


6) The amplified error Signal and delayed distorted main signal 


are recombined in a 20-dB directional coupler. 

A photograph of the assembled feedforward system appears in 
Fig. 6.6; the chief components are identified. 

Calibration of the microwave feedforward amplifier was performed 
first in the error-detection loop and then in the error-correction loop. 
With feedforward correction switched "off", see Fig. 6.5, a small AM- 
modulated 5.905-GHz calibrating signal was applied at the input of the feed- 
forward amplifier. Attenuator A, and phase-shifter A were adjusted for 
minimum (ideally zero) signal at the calibration port, thus balancing the 
error-detection loop. Next, the feedforward correction was switched "on", 
the IMPATT-amplifier assembly was disconnected at port 2 of the waveguide 
circulator and the calibrating signal was applied there. Balance of the 
error-correction loop was achieved by adjusting phase shifter B, and 
attenuator B for minimum (ideally zero) signal at the output port of the 
feedforward amplifier. 

The quality of the interferometric null in the error-detection 
loop and in the error-correction loop across the IMPATT-amplifier passband 
is shown in Fig. 6.7. A best null figure of 40 dB + 1 dB is obtained at 
the centre frequency. The null figure decreases to 6 dB for the error- 
detection loop at the edge of the passband, and to 8 dB for the error- 
de tre eticn loop at the edge of the passband. This substantial degradation 
of the loop balance is a consequence of the narrowband tuned-circuit 


behaviour of the IMPATT amplifier, and in particular, the rapid phase shift 


through the resonant frequency. 
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Figure 6.7 Measured variation in the quality of the error-—detection 
loop balance and error-correction loop balance in the 
experimental feedforward-corrected IMPATT amplifier. 
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6.4 The Experimental IM Distortion Test Bench and Procedures 

A test signal consisting of two equal-level tones, having a very 
stable 1-MHz frequency difference, was required for the IM distortion 
measurements. At microwave frequencies, it is difficult to achieve such 
a relatively constant small frequency difference between two independent 
RF signal generators, since their frequency stability is usually of the 
same magnitude or larger. For example, the frequency stability of the 
HP 618C J-band signal generator (klystron type) is: + 0.006%/°c change in 
ambient temperature (this is equivalent to + 360 KHz/°C at 6 GHz); 

+ 0.02% change (i.e., + 1.2 MHz change at 6 GHz) for line voltage variation 
of + 10%. In order to have a fixed frequency difference between the out- 
puts of two separate RF signal generators, the outputs must track one 
another. 

The microwave two-tone generator shown schematically in Fig. 6.8 
operates on the principle of a frequency~locked loop [100]. The frequency, 
£5, Of the varactor-tuned Gunn-effect slave oscillator (Varian VSC-9019S4 
with frequency stability + 200 KHz/°C)depends on the frequency, ae of the 
stable klystron (HP 618C) master oscillator. These two RF signals are 
combined in a hybrid tee: one output from the hybrid is used to control 
the frequency difference te and the other output is the usable two- 
tone test signal. The two sources are initially adjusted so that = 
is the desired test frequency and Omar’ lies within the capture range 
of the frequency-locked loop. The frequency comparator circuit Of Pig. 69’, 
modified slightly from [100], compares the mixer output voltage at fre- 
quency og ey with the 1-MHz output voltage of an extremely stable 


Coy x 10” Hz/°C) Quartz-crystal oscillator (HP 105A) and generates a de 


voltage proportional to the error signal comprising the frequency- and/or 
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phase difference. The derived dc voltage is applied to the varactor- 
tuned oscillator so that the error signal tends to zero (+ 20 MHz 
electronic tuning is attainable for +20 Vdc change about the varactor +20 
Vde offset voltage). In this locked condition, the output frequencies 

3 and a. will have a frequency separation with a fixed frequency /phase 
relationship relative to the 1-MHz reference signal. The two-tone gener— 
ator remained locked with a 1-MHz frequency difference for variations 

in the master oscillator ) of +5 MHz. A maximum signal output of 

4.5 dBm per tone was obtained; this level was adjusted by means of a 
precision attenuator. 

In the experimental IM distortion test set, shown in Fig. 6.3, 
the waveguide switch is used to select either the input- or output test 
Signal for display on the spectrum analyser (HP 8555A); the other signal's 
level is monitored on the power meter. The IM products were positively 
identified on the spectrum analyser by reducing the input test-signal 
power level and observing the decrease in IM product level: third-order 
IM products decrease 3 dB for every 1-dB reduction in input level; fifth- 
order IM products decrease 5 dB for every 1-dB reduction in input level. 

For single-tone gain compression tests the stable klystron source 
was used. 

The above tests were performed on the stable IMPATT amplifier alone, 
and on the IMPATT amplifier with feedforward correction applied. Feedfor- 
ward correction was switched "on" and "off" via the waveguide switch at 
the output of the hybrid tee in the feedforward amplifier, Fig. 6.5. Signal 
power levels for the IMPATT amplifier alone were measured relative to a 
O-dB reference obtained by replacing the amplifier assembly with a wave- 


guide short-circuit at port 2 of the IMPATT-amplifier circulator. 


-patseraqen mee ® svad ITbw pe 
" iioxolo1 sel 979 09 guizates aad f 
anotishyev 257) PanonSda2B quosepest sHM-I 5 eet ee - 

to tmqiva tengte wnt ane 4 sah 22 30 (3) sogatiitose x82 
s to anném Ve borevtha an tevei etdg nee BBW sn03 19q 
. sdetaines3e mokeigexq 


(£.8 RET mb nwo ,198/ 98) gob t0IeRb MI I[sinemtyveqrxe sit ot 


tone 4 snorr-tws set. 


7 re. 


feed tuqzguc 3 dtgRIE any yorig te janlse o3 beey at dasiwe sblugavaw et a 
a'Iecgle yalite ads 4 ¢heAack TH) oe eile adt mo yeloetb tod ‘angis 
i yisviaieoq s1sWatonborg MI ofl .149¢0m sswee nad mo betozEnom at fovel 
larnle~tnaz, sh i ony arkoule vd tety eae outsnege oat 50 ae 
tebio-~ hs i3 tabat jsyhoig Mi xt sasetosh seta pobaiaeit> bre ts say 
a7ti? ; level sugar nt mobioubss Kiel ytave, wt tb 7 oeso100b essubors Xt 
Louse i ot noktotibe 1 Bh}. ¥Ise5. to? ‘ah é eaeetosb siouboig — 
gotvee noetayla older. sits ayeqd, nolevsrgmia ar ta dle — Ae a 


e 


My ~~ — 
sitola asta b i gins rae sitista sft no Ssanotrag sre aiees svods ad rr ws ss 
~yothest.bst {gen nigtdne-rea0 hrawrorbes? 8 em — a ; 


te Hog iwa stat Bry “320” bas Naa Ye 2 


& oy svtiniss pene stew rx 
-svayv a Ayiw Pee 
osetia ED halt. Etqass “4 T, iy ) 


» 7 a 7 
a 
' be is , 
: 7 


214 


*({O0L] woaz petztpow) 
10}e19Ues BUOJ-OM} SAPMOTITW AOF AENOATO AOReAedMOD AdUsenbezrZ qT JO Weasetp oTIeMseYyIS 6°9 2ANBTy 


UH LYAANT HOVI'IOA YaWWNS YALALTIGNV YHMOTION ADVLIOA 
AOVLIOA LOdNI TWLLINSYasAATC NIVO-ALINO 
AQGZ = 
@v> 
(S 
SVI¢d 
YOLOVAVA 


) 


3<es) Ie (BEES) 
LNAdINO WAXIW 


= 
daa ZHW-T 


ASt 


da LTA dwnd qOLOALAC dO1Ta-di Td 
daLALTdnv SSVd-MOT ADaVHO * Fad /ASVHd I=L “IVAG 


adaLATIdWv OACIA 


= <3 


(Es 1003)" 
ee Ot ye: peednewcd combscefpot cpicnyr LOL myc eoREse rAt~cous Sercuspor 


4 a 4 


PREVIRTES 


HIRERMEUELIVS THE 


243 


6.5 Experimental IMPATT-Amplifier Distortion Results and 
Comparison with Theory 


The measured third-order IM distortion for the IMPATT amplifier 
is compared in Figs. 4.11 and 4.13 with the distortion predicted using 
Volterra series analysis. It is also compared in Figs 5.0 and 5.10 with 
the distortion calculated using quasistationary distortion analysis of 
the tuned-circuit amplifier model. Within an expected measurement error 
of +2 dB, the theoretical results are in good agreement with experimental 
values, as shown to better advantage in Fig. 6.10. At small-signal levels, 
both theories predict the same distortion within 1 dB. The absence of 
measured data at input levels less than -30 dBm per tone, indicates its 
unresolvability on the spectrum analyser and represents IM distortion 
more than 60 dB below the carrier. There is less than 3 dB difference be- 
tween the measured distortion and the distortion predicted using the 
Volterra series approach for input levels up to -23 dbm per tone. The 
quasistationary method is applicable at higher input levels: theory and 
experiment agree within 3 dB up to drive levels of -18 dBm per tone, and 
within 8 dB at -13 dBm per tone. The agreement is generally better at the 
upper edge of the passband than at the low edge of the passband. This 
difference may be attributable to a stronger low-frequency dominance 
mechanism outside the small-signal region than either theory predicts. 
Also, the quasistationary analysis ceases to make reasonably accurate dis- 
tortion predictions at levels higher than -15 dBm per tone because the 
larger RF voltage ( 4.5 V compared with 1.4 V at -23 dBm per tone) devel- 
oped across the IMPATT diode demands a larger solution grid for the iter- 
ation procedure. The fitted bicubic spline coefficients approximate the 
measured admittance in this grid with less accuracy than in a smaller so- 


lution grid because fewer data points can be used. 
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Figure 6.10 Comparison of measured third-order IM distortion at 
2f,-f,, for the experimental IMPATT amplifier 
(Igo = 25 mA) with a two-tone input (f> = £, + 1 MHz), 
with the theoretical values calculated using 1) the 
Volterra series analysis; 2) the quasistationary 


distortion analysis. 
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Measured fifth-order distortion is plotted together with the 
theoretical results in Fig. 6.11. Experimental data could only be re- 
solved at input levels above -18 dBm per tone. The Volterra series ana- 
lysis is not applicable at that level for reasons discussed in Sec. 4.3.6. 
Quasistationary distortion analysis of the tuned-circuit amplifier model pre- 
dicts IM, within 2 dB of the experimental results for an input of -18 dBm 
per tone; i.e., there is good agreement within the expected measurement 
error of +2 dB. This agreement becomes poorer at -13 dBm input per tone. 
The rather sudden increase in measured fifth-order distortion at input 
powers above -18 dBm per tone indicates that nonlinear phenomena of 
higher order than fifth become significant at that level. Such high-order 
nonlinear behaviour is not characterized adequately by the amplifier non- 
linear model. Volterra series analysis predicts fifth-order distortion 
10 dB above the values computed using the quasistationary distortion 
analysis at small-signal levels. This discrepancy occurs because the 
Volterra series representation of the IMPATT amplifier is based upon a 
simple second-order power series approximation of the electronic conduc- 
tance and equivalent electronic capacitance. Even though the diode nonlin- 
earities each have just a single second-order term, the Volterra series 
expansion has an infinite number of terms. The fifth- and higher-order 
terms in the resulting Volterra series, however, will not represent fifth- 
order effects as accurately as if the nonlinearities were described by a 
fourth-order power series. The limited available experimental data 
necessitates the use of a more sensitive microwave receiver for verifi- 
cation of the theoretical analyses conclusively at small-signal levels 


where the analyses apply. 


Figures 4.12 and 5.9 compare the measured fundamental output 
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power and distortion products, near the centre frequency, with the 
theoretical results of Volterra series analysis and quasistationary dis- 
tortion analysis, respectively. The values compare well, within a measure- 
ment error of +1 dB, at the fundamental frequency and at the third-order 
product Bane Es However, the error between theory and measurement increases 
markedly at the fifth-order product 3f,-2f,. Both theories predict a third- 
order intercept point Peetne. dBm referenced to the output drive signal. 
The Volterra series analysis gives a fifth-order intercept P.*8 dBm, 
whereas the quasistationary analysis yields Pome Ore dBm. These values 
agree quite closely with the measured values: P,=12 dBm, P,-=11 dBm. 
The proximity of the fifth-order intercept point to the third-order inter- 
cept point is evidence that fifth- and higher-order nonlinear effects 
become increasingly important as the output power approaches nearer to 
the 1-dB compression point (~+3 dBm) and the saturation level. 

The curves of Fig. 6.4 show the measured gain compression, with 
an estimated measurement error of +0.3 dB, as a function of input power 
and frequency. The measured compression cannot be compared quantitatively 
with the predicted compression, Figs. 4.15 and 5.12, since the predicted 
values are of the same magnitude as the expected measurement error. How- 
ever, the theories show good qualitative agreement with experimental data. 
It is of interest that both the Volterra series analysis and the quasista- 
tionary distortion analysis predict gain expansion over a range of input 
levels below the centre frequency as confirmed by measurement. 

There is a large difference in the cost per distortion solution 
using the two theoretical analyses. The program as written for the Amdahl 
470 computer can be executed at approximately $0.07 per solution at each 


frequency of interest using the Volterra series approach; the cost is 
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about $40 to obtain the solution using quasistationary distortion analysis. 
6.6 Experimental Distortion Results for the Feedforward-Corrected 

IMPATT Amplifier and Comparison with Theory. 

The reduction of the IM distortion of the IMPATT amplifier by 
feedforward correction is a function of the precision of balance in both 
the error-detection loop and the error-correction loop. With only small 
imbalance in the error-detection loop, which occurs for operation near 
the centre frequency, the distortion reduction depends predominantly on 
the error-correction loop balance. The measured interferometric null in 
the error-detection loop was 40 dB + 2 dB at the centre frequency, or 
34 dB + 2 dB over a 1-MHz bandwidth as evident in Fig. 6.7. This error 
sensor null was sufficient to avoid observable distortion in fia TWT 
(WJ 463) error amplifier at feedforward amplifier input levels less 
than 0 dBm. The corresponding error injection null in the error-correct- 
ion loop was also 40 dB+2 dB. This fligure suggests, ideally, a 40-dB 
distortion correction capability at the centre frequency. 

Figure 6.12(a) illustrates the feedforward amplifier uncorrected 
output (i.e., with the error-correction loop disabled) for an input signal 
consisting of two tones at 5.9045 GHz and 5.9055 GHz with equal -13.8-dBm 
amplitudes (equivalent to -18 dBm per tone at the IMPATT amplifier input). 
Visible in the photograph are: 1) the input signals at -6 dBm + 1 dBm 
(-3 dBm + 1 dBm at the IMPATT amplifier output). The low-level noise at 
f. is FM noise of the HP 618C signal generator; 2) third-order distortion 
products 5.9035 GHz and 5.9065 GHz having -34 dBm + 1 dBm amplitude 
(-31 dBm + 1 dBm referenced to the IMPATT amplifier output); 3) fifth- 
order distortion products at 5.9025 GHz and 5.9075 GHz with -62 dBm + 1 dBm 


levels (-59 dBm + 1 dBm referenced to the IMPATT amplifier output). 
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The degree of balance in the error-detection loop is shown in the 
Spectrogram of Fig. 6.12(b). The amplitudes of the carrier frequencies have 
been reduced by 44 dB + 2 dB when compared with Fig. 6.12(a). The distort- 
ion products have been reduced by the 24-dB loss from the IMPATT amplifier 
output to the error amplifier input in Fig. 6.5. The total input power to 
the error amplifier was -46 dBm which is in the linear operating range of 
the error amplifier. 

The output spectrum for the feedforward amplifier with feedforward 
correction applied is shown in Fig. 6.12(c) which indicates that a 
31-dB + 2 dB reduction in IM distortion was achieved. This result agrees with 
the measured 34-dB interferometer null over 1-MHz bandwidth in the error- 
correction loop, The output power of the feedforward system was measured 
at the two input frequencies to be -6 dBm + 1 dBm, indicating a loss of 
3 dB in power level from the main amplifier output. This loss is due to 
the insertion loss of ports 2-3 in the IMPATT-amplifier circulator 
(0.6 dB), and the insertion loss of: the output coupler; the delay line 
(1.7 dB including 1.2-dB losses in the delay line circulator); the vari- 
able phase shifter; the recombiner. The overall gain of the feedforward 
amplifier was 8 dB + 1 dB, compared with 15 dB + 1 dB for the IMPATT 
amplifier at -15 dBm total input power. The remaining 4 dB loss in feed- 
forward amplifier gain is mainly due to the 3-dB input coupler and insertion 
loss of ports 1-2 of the amplifier circulator. 

According to the theoretical results of Fig. 4.18, 31-dB improve- 
ment in IM distortion is obtained for -0.3 dB<0<0.3 dB amplitude imbalance 
and/or less than 1.8° phase imbalance in the error-correction loop. Unfor- 
tunately it is difficult to discern at such small levels a quantitative 


evaluation of the relative contribution of gain and phase in failing to 


ad eabomiapnes 
<fraekh oft ‘sn 
me Trane ata 
oy saWog sist raved 
to agnh7 priiexage a 


& oA 1 jie yer. : | | 

| so nn 

tw yootgs Fienst ste pote Bete eae eal: Dol Ae Mv nt ratios mdb a ; : 

-tor1s ant ok ao.tubsiad aMEE Serve hing voisaocotnegi ab~bt borvenve co " 
batifess® a40 noxeya piety (gat id raw; gg -gook wotsoer809 

ns GabEne gut $3 HBL aS BP eas = ae Od eadserangtr suqnt ies ia te 

os Sob ek egos aiat ny wrt aia aime ate set hich seweq ok sb © i 
rote teeta) Abs eamhie te, suf? ae E=8 ridoy | lent wotsxseat ots 
anit velsh sit 'aars gio sUgTHE ots (26 weal “nabateent ody bow (eb 8.0) 
“trey add i (te AES oni f dotdbt ra wth acdackt saale: z 8 patbuloat &b ces 

biswrotbast sd? to dies [Saxgve at tat $dmon sy pzadtide Net : - 

ti AIMI- ots tot) Gb) f% ate ar Fri. be’ nee ae = 8h = sav senhige “I 


Te oh 


a se voRigae 


be Me sel thLqme mot 


p30 Sot eszoq to in 
Tih i 

die | apni 

oigens08 


“baat fi sacl db & gitar st ‘ih ahaa juga 

rokiveent bns 191 quv09 gagat abe sites ai seine 

biplneste si 

—svorqn: Hbafe ,61 06 ‘ate, 34 rs: ies me 

sone lading sbutkiqns ab, € On0H a 

~iind .qool aos iott at e's . an oe 
ovitedianaup, ® aig acs em a +6 ris i 

a4 Geatsah mt sah ‘ba uta: Boe 


61 
kas 


i - i) vi ae 


aay i ae | : 


y 
iv? 1 : 
: i 


; ; i isla - atte Lx 


223 


achieve a more perfect balance. When an additional 1-dB gain imbalance 
was introduced into the error-correction loop, Fig. 6.13(a) shows that 
the IM products were reduced by 21 dB when compared with Fig. 6.12(a). In 
Fig. 4.18 it is clear that 21-dB reduction is obtained at 0.7° phase 
imbalance together with 0.8-dB amplitude imbalance; if the original gain 
imbalance was -0.2 dB these results are compatible. Similarity erie. 6y13 0b) 
depicts that the IM products were reduced by 26 dB when a additional 2° 
phase imbalance was introduced into the error-correction loop; if the 
original phase imbalance was 0.7° and the original gain imbalance was 
-0.2 dB, then this result is compatible with Fig. 4.18. Finally, the effect 
of both an additional 1-dB gain imbalance and a 2° phase imbalance on the 
degree of distortion correction is shown in Fig. 6.13(c). Here, the dis- 
tortion was reduced by 20 dB when compared with Fig. 6.12(a). In Fig. 4.18, 
a hypothetical 2.7° phase imbalance and 0.8-dB amplitude imbalance provides 
19-dB reduction of IM distortion in the feedforward system. Hence the ex- 
perimental measurements are consistent with theory if, for the measured 
maximum 31-dB reduction of IM distortion, the gain imbalance and phase 
imbalance in the error-correction loop were -0.2 dB and 0.7°, respectively. 
Another set of spectrograms for a -13.8 dBm per tone input at 
5.9005 GHz and 5.9015 GHz appears in Fig. 6.14. Comparing Figs. 6.14(a) 
and (c) we see that the IMPATT-amplifier IM distortion has been reduced 
by 11 dB, which is considerably below the 22-dB reduction figure predicted 
at 5.901 GHz in Fig. 6.7. Only an 18-dB error sensor null occurs at this 
frequency because of the 11° difference between the IMPATT-amplifier phase 
shift at 5.901 GHz and at 5.905 GHz, where the loops were balanced. This 
rather low error sensor null results in -33-dBm total input power to the 


error amplifier at 5.901 GHz, as seen in Fig. 6.14(b). Since the error 
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REDUCTION IN IM DISTORTION (dB) 


Sp 50s a200 D909 


FREQUENCY f, (GHz) 
Figure 6.15 Comparison of measured reduction of IMPATT-amplifier 
third-order IM distortion by means of feedforward cor- 


rection with the expected improvement values as a 
function of frequency. 
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AMPLITUDE IMBALANCE IN ERROR-DETECTION 
LOOP AND ERROR-CORRECTION LOOP (dB) 


Figure 6.16 Comparison of measured feedforward-amplifier gain sensi- 
tivity with the predicted gain sensitivity. 
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amplifier 1-dB compression point occurs at -31-dBm input power, the error 
amplifier was operating in its nonlinear region and introducing its own 
IM distortion to the feedforward amplifier. 

Measured reduction of distortion in the feedforward amplifier is 
plotted as a function of frequency in Fig. 6.15 together with the improve- 
ment expected on the basis of the measured error-injection null. Over the 
5.902 - 5.908 GHz range, the distortion was reduced by more than 18 dB 
and the reduction differs from the error-injection null by less than 2 dB. 
Outside this range the distortion reduction sharply decreased due to the 
error amplifier being overdriven. This narrowband operation of the feed- 
forward-corrected IMPATT amplifier is a consequence of the IMPATT-amplif- 
ier resonant-circuit characteristics. 

Lastly the gain sensitivity.of the feedforward amplifier for a 
CW input at the centre frequency was measured as a function of amplitude 
imbalance in the error-correction loop and error-detection loop by varying 
the insertion loss of attenuator A in Fig. 6.5. The results, displayed in 
Fig. 6.16, show favourable agreement with theory; namely,that the gain 
of the feedforward amplifier is changed by only Wile for a p% change 
in amplitude imbalance. The difference between the curves is due to an 


imperfect initial balance in each of the interference loops. 
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CHAPTER 7 
CONCLUSION 
7.1 Recapitulation of Theoretical and Experimental Results 
with Concluding Remarks 

IMPATT diodes are widely used, at present, in microwave oscil- 
lators and amplifiers due to these inherent advantages: low cost; high 
reliability; small power supply requirement; and medium-power capability 
at high microwave frequencies. However, IMPATT-diode amplifiers typi- 
cally exhibit a relatively high level of intermodulation (IM) distort- 
ion which has restricted their application to FM and PCM communications 
systems [41]. This IM distortion must be reduced if the IMPATT ampli- 
fier is to be used in microwave SSB-AM communications systems. In SSB-AM 
systems, channel spectrum width is utilized more efficiently than in 
FM systems but IM distortion level is a critical factor. Feedforward 
linearization is an effective technique for reducing IM distortion of 
a microwave amplifier to tolerable levels: the distortion is cancelled 
by adding the inverse phase distortion. 

In this thesis, theoretical and experimental investigations of 
IM distortion in a feedforward-corrected IMPATT amplifier have been pre- 
sented. A recapitulation of the major theoretical and experimental 
results reveals that all the objectives, stated in Sec. 1.2, have been 
fulfilled. 

1) To characterize the nonlinear behaviour of an IMPATT diode 
as a function of frequency and RF voltage, a technique for the measure- 
ment of large-signal IMPATT electronic admittance has been developed. 
The method features: i) measurement of the electronic admittance with- 


out removal of the diode from the microwave circuitry; ii) use of a 
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network analyser for ease and flexibility in changing measurement 
frequency, and rapidity in data logging; iii) computer-aided data re- 
duction for accuracy enhancement. The electronic admittance of an 
IMPATT diode (HP 5082-0431) was measured within an estimated error of 
20% in the frequency range 5.7 - 6.5 GHz, for RF voltage amplitudes up 
to 20 V across the active region of the diode at constant 25-mAdc bias 


current. The experimental diode was successfully modelled by this mea- 


sured nonlinear electronic admittance. 

2) An experimental feedforward amplifier has been constructed 
mainly in a waveguide transmission medium, using a stable coaxial 
double-tuned IMPATT-diode amplifier (with the experimentally measured 
diode) as the main amplifier and a low-noise, low-power, 40-dB gain 
TWI as the error amplifier. The IMPATT amplifier was tuned at 25-mAdc 
bias current for 17.3-dB small-signal gain at the centre frequency, 
5.905 GHz, with a 3-dB bandwidth of 64 MHz. The phase shift introduced 
by the IMPATT amplifier was approximately +60° at the low end of the 
passband and -60° at the high end of the passband. 

3) A mathematical model for the IMPATT amplifier itself, and 
for the complete feedforward-corrected IMPATT amplifier, has been de- 
veloped. This model is based on the Volterra series representation of 
the amplifier's input/output characteristics. The Volterra series in- 
corporates the capability of the conventional power series representa- 
tion of nonlinear devices without memory to predict amplitude depend- 
ence of nonlinear effects, together with the capability to predict the 
frequency dependence of nonlinear effects in devices with memory. Hence, 
either the Volterra series representation in the time-domain, or the 


Volterra transform representation in the frequency-domain, is a useful 
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approach to the analysis and understanding of microwave circuits in 
which memory effects are definitely not negligible. The Volterra series 
is an infinite series in which the labour of computing the nth-term 
increases rapidly as the order n increases. Fortunately, in the study 
of nonlinear devices and systems it is often possible to neglect terms 
in the Volterra series of higher order than the fourth or fifth; if not 
the analysis must be confined to mild nonlinear operation for which 
only the low-order terms are needed to characterize the input/output 
behaviour. When the first few nonlinear Volterra transfer functions 
are known, items of interest regarding the output can be obtained by 
substituting the values in general formulae derived from the Volterra 
series representation. Of special interest here are the output IM 
distortion for an equal-level two-tone input and gain compression for 
a single-tone input. 

The nonlinear Volterra transfer functions up to fifth-order 
for the IMPATT amplifier were derived from an equivalent circuit of 
the amplifier. In this equivalent circuit, the IMPATT-diode nonlinea- 
rities are represented by a separate quadratic power series approximat- 
ion of the measured diode electronic conductance and equivalent elec- 
tronic capacitance which is included to account for memory effects. 
The passive circuit admittance presented to the active region of the 
diode is ete oer by a GLC, tuned circuit. The parameter values 
were experimentally determined from single-tone measurements. 

The gain- and phase response of the equivalent circuit were in 
good agreement with the measured amplifier performance for input powers 
up to -10 dBm. In particular, as the input power increased: the ampli- 


fier gain decreased; the resonant frequency shifted downwards; the gain 
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curve became increasingly asymmetrical; and the group delay at the 
centre frequency increased. 

The Volterra transfer functions were used to calculate third- 
and fifth-order IM distortion for the experimental IMPATT amplifier 
with a two-tone input. Predicted third-order IM distortion agreed with 
the measured distortion within 3 dB up to input levels of -23 dBm 
per tone over the passband. However, the predicted fifth-order dis- 
tortion only agreed to within 10 dB with the measured distortion, due 
to the inadequacy of the quadratic power series representation of 
the diode's nonlinear admittance for predicting fifth-order effects. 
The measured value of third-order IM distortion for an input at the 
centre frequency was -22 dBm + 1 dBm for 0 dBm + 1 dBm output at each 
fundamental tone; the measured fifth-order IM distortion was -45 dBm 
+ 1 dBm for the same output power. These values indicate that the IM 
distortion was predominantly third-order distortion and hence the total 
distortion was predicted very well by the Volterra series analysis 
for input levels up to -21 dBm per tone. Beyond this range, more terms 
must be included in the Volterra series to describe the nonlinear be- 
haviour of the IMPATT amplifier. In addition, to predict fifth-order 
distortion accurately, the diode's nonlinear electronic conductance 
and susceptance should each be represented by a fourth-order power 
series which greatly complicates the analysis. Gain compression was 
also predicted using the Volterra transfer functions and showed good 
qualitative agreement with measured values; quantitative agreement 
could not be verified because the measurement error (+0.3 dB) was 


larger than the magnitude of the predicted values. 


The nonlinear Volterra transfer functions up to fifth-order 
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were derived for the general microwave feedforward amplifier. The 
following major results have been obtained from a distortion analysis 
of the feedforward amplifier by means of these nonlinear transfer 
functions. 

i) The degree of balance in the error-detection loop deter- 
mines the power which must be handled by the error amplifier. 
As long as the power rating of the error amplifier is not a 
factor in the feedforward amplifier design, good cancellation 
of the information-bearing signal in the first loop is not 
required. However, if the power capability of the error ampli- 
fier is sacrificed for a lower noise figure (the noise figure 
of the overall amplifier is basically that of the error ampli- 
fier) then very good cancellation of the input signal in the 
first loop is required so that the ue amplifier does not 
saturate and thereby increase the overall IM distortion. When 
the error amplifier is driven into its nonlinear region the 
results can be disastrous. For example, suppose the error sig- 
nal grows by 3 dB in response to a 1-dB input power change to 
the main amplifier. If the error amplifier is in its nonlinear 
region due to a poor error-sensor null in the error-detection 
loop, its output has a component growing at 3 dB for each dB 
in, or 9 dB from input to output of the feedforward amplifier. 
For SSB-AM systems, where we are seeking good amplifier lin- 
earity even to high peak powers, this effect is substantial. 
Hence the error amplifier must operate in its linear region 
to obtain the desired distortion reduction. 


Another observation regarding the error-detection loop 
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balance can be made for application of the feedforward ampli- 
fier in communications systems. Any imbalance in the error- 
detection loop produces a feedthrough of the input signal 
which shows as an echo on the feedforward amplifier output 
if a mismatched delay exists in either the error-detection 
loop or error-correction loop. Although this is not a non- 
linear problem, it may be serious, e.g. for telephone re- 
peaters, where very good linear response (gain flatness and 
linear delay over the channel bandwidth) is also a priority. 

ii) If the error amplifier is operating in its linear region, 
the distortion reduction capability of the feedforward ampli- 
fier is entirely dependent on the degree of gain- and/or phase 
balance in the error-correction loop. Moreover, the distortion 
reduction is independent of the actual values of the uncompen- 
sated distortion. An expression, Eqn. (4.90), has been derived 
for the relationship between amplifier distortion suppression 
and the degree of gain- and phase imbalance in the error- 
correction loop. Contours of constant improvement in IM dis- 
tortion as a function of gain- and phase variations in the 
error-correction loop have been presented in Fig. 4.18. These 
contours directly determine the values of gain- and phase 
imbalance which can be tolerated for a given desired improve- 
ment in IM distortion. An improvement of the order of 17 dB 
is anticipated for a large gain and phase imbalance (1 dB and 
6°, respectively). 

iii) The sensitivity of feedforward amplifier gain to small 


gain fluctuations ¢«, and €, of the main- and error amplifiers, 
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respectively, from the precise balance values is given by 
tee.) for small phase imbalances. Hence the overall gain 
sensitivity is reduced by EmEe 5 ©-8-, Lf both the main- 
and error amplifier deviate from the precise balance value 
by p%, or if the amplitude imbalance in both loops is pZ, 
the gain of the feedforward amplifier is changed by only 
0.01p°Z. Furthermore, if there is a precise amplitude bal- 
ance in either the error-detection loop or error-correction 
loop! Ci.es, Em = 0 or eg = 0), the overall gain remains al- 
most constant for small phase imbalances. 

In particular application to the experimental IMPATT amplifier 
the measured feedforward amplifier behaviour compared well with the 
predicted behaviour near the amplifier centre frequency. Intermodu- 
lation distortion products were reduced by: 30 dB at the centre fre- 
quency; 18 dB over a 6-MHz bandwidth; and 10 dB overan 8-MHz bandwidth. 
However, outside this frequency range the imbalance in the error- 
detection loop degraded rapidly because of the resonant-circuit char- 
acteristics of the IMPATT-amplifier, chiefly the large change in phase 
shift through the resonant frequency. The rather large imbalance in 
the error-detection loop outside the 8-MHz bandwidth caused the error 
amplifier to saturate and to contribute its own distortion to the feed- 
forward amplifier output. The resonant character of an IMPATT amplifier 
leads to narrowband performance of a feedforward-corrected IMPATT ampli- 
fier. Some method of adaptive phase control, such as a bandpass filter 
with basically the same group delay characteristic as the IMPATT ampli- 


fier, is required to obtain a higher degree of interference in the 


error-detection loop across the band. 
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4) A second mathematical model of the feedforward-corrected 
IMPATT amplifier has been developed. This model provides a very sat- 
isfactory basis for quasistationary IM distortion analysis of the 
IMPATT amplifier (with a two-tone input) over a wider range of input 
power levels than the Volterra formulation. However, the method is 
not as general as the Volterra series approach, since only specific 
information, viz two-tone IM distortion and gain compression, can be 
obtained in the analysis. The amplifier model consists of a parallel 
combination of the measured electronic admittance and passive circuit 
admittance, with an equivalent current generator for the input signal. 
The circuit admittance can be measured as described in Sec. 5.3.1 
(within an experimental error of 20%), or approximated by a tuned 
GoL.C, circuit. The admittance data can be in discrete form, tabular 
form, graphical form, or expressed as a function of voltage amplitude 
and frequency. The unique smoothness property of the cubic spline func- 
tion (bicubic spline function in two dimensions), i.e. it is the 
smoothest interpolating function through a set of data points, makes 
this function useful for approximating the derivatives in the nonlinear 
differential equation describing the amplifier's equivalent circuit. 
A cubic spline function of frequency is used to describe the passive 
circuit admittance; a bicubic spline function of RF voltage amplitude 
and frequency is used to describe the IMPATT electronic admittance. 
The resulting nonlinear differential equationwas solved, in the fre- 
quency domain, for the IM distortion produced for a two-tone input, 
using the quasistationarity assumption. If the frequency separation 
of the two input signals is small (in the order of 1 MHz) relative to 


the absolute RF frequencies, this assumption (i.e., that the amplitude 


ae “ine Yiev & 
edt to ebaveaad Mi 
Pepa Me 


21?iseqé Ylno sante stosotats asbine istroto ei ed tonal Jos 
ad aso .polodatqnte ateg Sime wot xosazb MT sassaves ay tiakyeatvo3at | 


Tokis¥ea w 36. Saenenes | fete os Ted _cobwelnte sis wt banteade */), 


stunts avieser ‘Sra er i otrotaasle bssoussm ort 20 aotvenidmos 
Tengle sugit 94 s0% Tote eoaey tastwo Inelaviups oe dstw ,souessiobs 
(2.0 1982 mf Hodt.o#88 ae borwtnem ad mao sonegstebs Juatis sdf 
bapuy e od Dolsmixorgge Bo) 2X RON Re vores Lofuserreqes me abtsty) 
tefuvie? ,at0l sdeinelh av; sd qe edek bonh22tinbs sir’ J tkvorts 52 otg? 


sbosth tame espa ev To, noriang® & ca haavesqre 10 202% sa tee he lh senell 


“stot smtige Aid 66 Fo Yager | aedartedode' oepiay sav.  viciohiaid) tis, 
pi? at ot .9.¢ otedolemimkh ows mk fotzomu} snkige otduatd) nord 


usiiem ,2intog pink fo tsa 5 dyvertds also} gabtsloqrssat Seatzooms | 
tasriiqun of? at @svPsaviasb cfd galsemixorggqe +o? twteau aottonva aia. 


dinots ssefeviues 2+) thighs edt gntdbvoesh aebsaups Latsne1s2 2th 


evlaseq ony sdivoush os bseg et yoreypas? to aekionu? shkiqs otduo A. 


abotifqu: sgatiov WW 10 woktonn® snblee atduahd & jeonsitkmbs sluts 
,enistitwis oinersols PEATE ody sditaeb of best at yodsupeit bam: 
“ett ody at , baviae winnings tatsmexott® aebabinosgatstuaey eet 


rolisisqse yorsupess? eds 22 aokaumess 8 
o7 srttelp4 (x0 1 30 sabre ody mt) Terme 33 


wbua Ligue At tof j.9.2) nofiquvean tity os 
| | | dea ~ 


= oh oF ie ax: eer = | ae i 
ire eet ath pean 
1) “ie ES, 5 - 


ax alain 9th ee i, im 


7 
is 


a 
“ 


236 


and phase variations of the carrier frequency are much slower than the 
response time of the network) is generally valid. The calculated third- 
order IM distortion for the IMPATT amplifier was in close agreement with 
the measured values at input levels up to -18 dBm per tone, and was also 
in very good agreement with values predicted via Volterra series analysis. 
Predicted fifth-order distortion agreed favourably with the measured 
values. Gain compression calculated from the fundamental output power 
agreed qualitatively with the measured compression although the values 
were too small for quantitative comparison. In regards to efficiency, 
the quasistationary analysis costs about 600 times the cost of the 
Volterra series analysis for a distortion solution at a single frequency 
and several input power levels in the range -43 dBm to -18 dBm per tone. 

Feedforward amplifier performance has also been analysed from 
linear equations describing the interferometer behaviour of the error- 
detection loop and error-correction loop in the time-domain. The re- 
sults of this analysis are identical to those calculated by means of 
the Volterra series method. 

5) In general, good agreement of the predicted IM distortion 
for the IMPATT amplifier, and for the feedforward-corrected IMPATT 
amplifier, with the measured distortion has been obtained. Thus, the 
nonlinear IMPATT-diode amplifier models, IM distortion analysis methods, 
software implementation, and measurement methods and techniques have 


all been validated. 


7.2 Recommendations for Further Research 
Both the Volterra transform method in the frequency domain and 
the interferometer approach in the time-domain have been shown to be 


suitable for IM distortion analysis of the feedforward amplifier. It 
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appears that the Voltarra transform representation of nonlinear devices 
and systems does not enable us to do anything that cannot be done other- 
wise. However, other direct approaches for solving distortion problems 
in such systems often lead to a morass of algebra, e.g. the quasista- 
tionary approach developed here, or computational difficulties, e.g. 
integration routines may not be sensitive enough for calculating low- 
level distortion by integration of the nonlinear differential equation. 
The Volterra transform approach has the virtue that many such problems 
can be treated in an orderly fashion by first computing the Volterra 
transfer functions and then substituting them in the appropriate general 
formulae. 

Outside the scope of this thesis, the Volterra transform method 
has already been used to predict amplitude crossmodulation distortion 
(AM-to-AM conversion) and phase crossmodulation distortion (AM-to-PM 
conversion) in both a stable IMPATT amplifier, and in the feedforward- 
corrected IMPATT amplifier [101]. In [101] it is shown that the phase 
imbalance in the error-correction loop may lead to improvements in the 
crossmodulation distortion substantially different from the correspond- 
ing improvement in the intermodulation distortion. Moreover, it is shown 
that by appropriate adjustment of the phase imbalance, large reductions 
(over 30 dB) in crossmodulation distortion of the feedforward amplifier 
can be achieved while maintaining over 20 dB reduction in IM distortion. 
The author feels that these theoretical results should be verified by 
thorough experimental investigation. It is also suggested that the 
Volterra transform technique be used to predict IM distortion in the 
IMPATT-amplifier and in the feedforward-corrected IMPATT amplifier for 


a random bandlimited Gaussian noise input. Such a random noise input 
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Should be considered since it well represents frequency-multiplexed 
speech in a communications channel. The results of this analysis should 
be verified by noise-power-ratio distortion testing of the amplifier. 
For practical application, it is recommended that an attempt 
be made to broadband the feedforward-corrected IMPATT amplifier. 
Possible techniques are: 1) Fabrication of the amplifier in microwave 
integrated circuit (MIC) form using an IMPATT amplifier as the main 
amplifier because of its relatively high output power, and a Gunn- 
effect amplifier as the error amplifier because of its low-noise charac- 
teristics. A common heat sink would allow the components to track one 
another and thus the necessary loop balance could be sustained; 2) Use 
of bandpass filters to compensate the group-delay characteristics of 
the main- and error-amplifiers. These could be the interdigital type 
for an MIC feedforward amplifier. Alternatively, a feedforward-corrected 
FET amplifier might avoid the narrow bandwidth problem since resonant 
circuits are not needed. Such an inexpensive microwave solid-state feed- 
forward amplifier could be considered for use in future SSB-AM communi- 
cations systems where the dominant limitations have been amplifier non- 


linearity and dynamic range. 
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APPENDIX A 


INTERMODULATION DISTORTION IN TERMS 
OF VOLTERRA TRANSFER FUNCTIONS 
It is assumed that the nonlinear amplifier in question can be re- 
presented by the Volterra series given in Eqn. (4.4). A sufficient condi- 
tion for the existence of the Volterra series is that the operation of 
the system be restricted to a region of asymptotic stability [21]. This 


includes the practical amplifiers under investigation here. Without loss 


th 


of generality, assume the n~ -order kernel, h to be a symmetric 


n? 
function of its arguments (a symmetric kernel can be obtained by permuting 
the n arguments in all n: ways, and taking the representative symmetric 
kernel to be 1/n! times the sum of the resulting kernels) [86]. Then, the 
Fourier transforn, Hw from Eqn. (4.8), is also a symmetrical function 

of its arguments. Also assume that H, is continuous in its arguments. This 
is true for the amplifier under consideration here, Seerenid be true 


for all practical amplifiers) [21]. 


Consider the application of a two-tone input, x(t), as given by 

x(t) = V(cos Oe + cos wt) : (Al) 
The input can be rewritten as 

x(t) = = [exp (ju, t) + EEA is) GC} (A2) 


where CC represents the complex conjugate terms. For small distortion 

and frequencies w=, , the third and fifth terms in Eqn. (4.4) are the 
major contributors to the third-order IM product. Even-order terms will 
produce distortion products outside the passband of the amplifier if it 


has less than octave bandwidth. Substituting Eqn. (A2) into (4.4), 
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carrying our the integration and using the Fourier transform notation, 


we obtain the steady-state response at frequency 2w -w : 
] 


“A 
H F ye ; a 
| > f 3 ede iw) | Sa dul Ch eke + CC | 


v ! 
+ — H (ju 9 jw s7 JW jw ~jw De 
32 Oe coe tear earl? Sas 


nH (jw ,jw iW , jw jw ) (4(2 Jt) +°CC (A3) 
) s7 - ex WwW = 
bo 5 J 1°? 1 J 54 >? J 5 P\J 1 oe 


3 


where 


Ried So , ae eee ae a4 
BE SE ot one = H( We large jw,) (A4) 


' 
and Di denotes the N nonidentical terms obtained by permuting the argu- 
ments of the kernels. The number of terms, N, can be calculated from the 
number of permutations of n arguments, where p arguments are of one type, 
q arguments are of another type, and the remaining, if any, (n-p-q) argu- 
ments are distinct. The number N is given by N = n!/p!q! ; e.g., in the 
first term of Ban. (€A3),.N = 30/201. = 93. 


Since H and H are symmetrical in their arguments, 
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3 
mV. 7 : : 
yaw =3 (ey = a ]H, Ju, Jo, -Jo,)| cos[(2w,-w,)t + arg H, (jw) jw, »-jv,)] 
il 2 
5 

SW) 3 F 
ey = ’ = 

Te JH (jo, ju OO eae jo) | cos [(2w)-w,)t 

ot are H (ja .40 .—4u .4 -3 
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+ 15V 


H (jw ,jw ,-jw ,jw ,-jw cos 2w - B 
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Equation (A6) expresses the amplitude of the third-order IM product in 
the response of a nonlinear amplifier. 

Similarly, for small distortion and frequencies Das Us the fifth 
term in Eqn. (4.4) is the major contributor to the fifth-order IM pro- 
duct. Performing the integration with the two-tone input of Eqn. (A2) 


inserted into Eqn. (4.4) yields the steady-state response at frequency 
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Since He is symmetrical in its arguments, 
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HOC so 4 wo cos[(3w -2w )t 
| ao 1 J , J 1 J > a i [ ¢ i o 
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Equation (A9) expresses the amplitude of the fifth-order IM product in 


the response of a nonlinear amplifier. 
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APPENDIX B 


GAIN COMPRESSION IN TERMS OF VOLTERRA TRANSFER FUNCTIONS 


It is assumed, as in Appendix A, that the nonlinear amplifier in 
question can be represented by the Volterra series given in Eqn. (4.4). 
It is also assumed that: 1) the Volterra kernels and the Volterra trans- 
forms are symmetric functions of their respective arguments; 2) the 
Volterra transforms are continuous functions of their arguments. 


Consider the application of a CW input, x(t), as given by 


x(b)v= Vocos oe = ~ Fexp (ja, £) + CC] (B1) 
where CC denotes the complex conjugate terms. If the amplifier is only dri- 
ven mildly into the nonlinear region of operation, the third and fifth 
terms in Eqn. (4.4) are the major contributors to amplifier gain com- 
pression. The even-order terms in Eqn. (4.4) produce harmonics of the 

input signal and will not contribute to the output at the fundamental 
frequency. Substituting Eqn. (Bl) into (4.4) and then integrating gives 


the following result for the amplifier output at frequency . 


y (t) = 
oT 
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Since H, and H. are symmetrical in their arguments, 
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The amplifier output at the fundamental frequency w , is thus 
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The first term in Eqn. (B4) represents the linear amplifier output; 


the other two terms are the amplifier gain compression terms. 
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